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BRERA C oe: 

In a recent treatise on Optics is the statement that “any effect 
which is periodic and which is propagated at a finite velocity is 
wave motion.”’ One can understand how entirely meaningless 
this statement is if one considers the Gatling gun, the effects of 
which are periodic and propagated at a finite velocity. In fact, 
periodicity is a thing which exists only in bounded systems (oscil- 
lating systems) and which sometimes escapes into space ; perio- 
dicity is by no means an essential feature of wave motion. In- 
deed, in many cases, it is impossible to assign a definite velocity 
to wave motion, as every one knows who is familiar with the dis- 
tinction between what is called group velocity and wave velocity, 
and as any one can understand from the discussion of wave dis- 
tortion in Art. 9. In the mathematical formulation of wave 
motion, however, periodic functions must be employed if one is 
to make use of Fourier’s series or of Fourier’s integral for the 
calculation of actual numerical results in any given case,* and it is 
on account of this mathematical necessity that the idea of peri- 
odicity has come to dominate all modern theories of wave motion. 


* Chapter V includes a discussion of wave motion on a transmission line when the 
applied electromotive force is harmonic, wire resistance and line leakage being not 
ignored. When the applied electromotive force ts periodic but not harmonic, Kour- 
ter’s series must be used for actual numerical calculations. 

Chapter IV includes a discussion of a simple form of wave pulse on a transmission 
line, wire resistance and line leakage being ignored. A wave pulse may be defined 
in general as the wave motion produced by anon-periodic applied electromotive force, 
and when the applied electromotive force ts not periodic, Fourier’s integral must be 
used for actual numerical calculations, wire resistance and line leakage being not 
ignored, 

It is perhaps needless to say that no existing engineering problem (considering the 
available data) warrants the complete development in an applied-science text of 
Fourier’s methods for the calculation of numerical results. ‘These methods are, how- 
ever, at the present time fully developed and available for the engineer who wishes to 
use them. The best treatise on Fourier’s methods and on the closely related methods 
of calculation in three dimensions by means of spherical and cylindrical harmonics, is 
Byerly’s Mourier’s Series and Spherical Harmonics, Ginn & Co., 1893. 

Vv 
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The object of this treatise is to develop the physical or con- 
ceptual aspects of wave motion, and it has seemed advisable to 
refer the student to other treatises for the more elaborate mathe- 
matical developments. This treatise is, however, complete as far 
as it goes, both mathematically and physically, although it has 
been put together rapidly and pushed through the press with all 
possible speed for the sake of a small group of students in the 
1909 Summer School at Columbia University. 

This treatise is intended as an advanced course in alternating- 
current theory. Chapters I to VI treat of electric waves with 
special reference to the phenomena of transmission lines and tele- 
phone lines, and Chapters VIII and IX treat of non-harmonic 
electromotive forces and currents with respect to the behavior of 
commercial types of alternating-current machinery. Chapter VII 
is a very brief discussion of electric-wave telegraphy. 

Existing courses of instruction in our technical schools place 
an excess of emphasis upon designing engineering and neglect 
operating engineering; and the most important thing for the 
operating engineer is to know his physics —not the physics of 
stuff which is so important to the researching physicist in his 
study of the properties of rarified gases and radioactive sub- 
stances, but the physics of machines; of telescopes and stills, and 
tackle blocks and dynamos. Such being the author’s point of 
view, this treatise is frankly devoted to the thesis ‘‘ How Electric 
Waves Wave” and, with the exception of the theory of coupled 
circuits and resonance (the author has deliberately avoided the 
elaborate discussion of the oscillations of systems of the first class, 
concentrated inductance and concentrated capacity, as being quite 
adequately treated elsewhere, in Fleming’s Principles of Electric 
Wave Telegraphy, for example), the author believes that the 
“How much” aspect of the subject is developed to an extent 
that is fully commensurate with obtainable data and the results 
that it is worth while to derive from them. 

The instructor who uses this text should impress on his class 
the fact that some of the most important ideas in Chapters I, II 


PINION CI a, vii 


and IV are not fully established until the mathematical theory of 
wave motion is taken up in Chapter VI. Thus, the idea of a pure 
wave as a wave which travels without change of shape and in 
which the potential enery and kinetic energy are everywhere and 
at all times equal to each other is established in Art. 40 for the 
simple kind of water waves which are described in Chapter I and 
in Art. 57 for plane electromagnetic waves. 

The author wishes particularly to emphasize the importance of 
Chapter VI; especially the part which treats of scalar and vector 
fields. This chapter is a slight modification of a treatment of this 
subject which was inserted as Chapter I in the first edition of 
Nichols & Franklin’s Alements of Physics, Vol. II, under the mis- 
taken idea than even an undergraduate could be expected to 
master this branch of geometry. Experience shows that this was 
a mistake, but it is certain, nevertheless, that it is precisely this 
branch of geometry which stands between most physicists and a 
clear understanding of electromagnetic theory. 

W. S. FRANKLIN. 
July 22, 1909, 


> tr Ab “ye a 
vale tee Py 


fA bDEESOERS CONTENTS. 


INTRODUCTION 

PART I. ELrectric WAVES. 
CHAPTER I. Water Waves 
CHAPTER II. Wave Trains and Modes of Oscillation 


CHAPTER III. Electromagnetic Action . 
CHAPTER IV. Electromagnetic Waves . 
CHAPTER V. Transmission Line Oscillation 
CHAPTER VI. General Electromagnetic Equations 


CHAPTER VII. Electric Wave Telegraphy 


PAGES, 
1-6 


De 
36-56 
57-74 

75-115 
116-153 
154-204 


205-214 


PART IJ. Non-HARMONIC ELECTROMOTIVE FORCES AND 


CURRENTS. 
CHAPTER VIII. Harmonic Analysis 


CHAPTER IX. Non-harmonic Electromotive Forces and Cur- 


rents 


APPENDIX A. 


INDUCTANCE AND CAPACITY OF TRANSMISSION LINES 


APPENDIX B. 


ELECTROMAGNETIC AND ELECTROSTATIC SYSTEMS OF UNITS. 


APPENDIX C. 
PROBLEMS A ‘ - 


217-247 


248-268 


269-278 


279-283 


284-311 


ELECTRIC WAVES. 


INTRODUCTION. 


In the discussion of oscillatory motion and of wave motion, it 
is necessary to distinguish two very different cases, namely, (a) 
the case in which the elasticity of a system is wholly confined in 
one part of the system and the mass in another part of the system 
as in the case of a heavy weight hung upon a helical spring of 
which the mass is negligible, and (4) the case in which the 
elasticity and mass are both distributed throughout the moving 
system as in the case of a vibrating string. In the first case the 
system is capable of but one particular mode of simple harmonic 
oscillation of a certain definite frequency, and in the second case 
the system is capable of a whole series of modes of oscillation as 
explained in Art. 17. In the case of an oscillating string the 
vibrations are always periodic, that is to say, no matter how com- 
plicated the motion of the string may be, the string returns re- 
peatedly to its initial configuration after equal intervals of time. 
In the case of an oscillating steel rod or plate, however, the 
system does not return repeatedly to its initial configuration, or 
in other words, the motion is not periodic. 

An important phenomenon in an elastic system like a stretched 
string or an air column is the phenomenon of wave motion. A 
given part of the system is disturbed and the disturbance travels 
out from this part, usually at a definite velocity, and eventually 
reaches every part of the system. 

Concentrated capacity and distributed capacity. — Figure I 
represents a valveless pump /P which causes an alternating cur- 
rent of water to surge back and forth through a circuit of pipe 
and through a chamber CC across which an elastic diaphragm 
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DD is stretched; and Fig. II represents an alternator which 
causes an alternating current of electricity to surge back and forth 
through a circuit of wire which includes a condenser. The alter- 
nating pressure generated by the pump in Fig. I must not only 


wire 


Toe Fig. Il. 


overcome the resistance of the pipe and the inertia of the water 
in the pipe, but a portion of the pressure developed by the pump 
must be used to distort the elastic diaphragm DD. Similarly, 
the alternating electromotive force generated by the alternator in 
Fig. If must not only overcome the electrical resistance of the 
wire, and the electrical inertia or inductance of the circuit, but a 
portion of the electromotive force developed by the alternator 
must be used to produce the electrical stress which is created in 
the insulating material DD between the condenser plates CC 
as these plates are electrically charged first in one direction (upper 
plate positive and lower plate negative) and then in the reverse 
direction (upper plate negative and lower plate positive), 
repeatedly. 

Figure III represents a valveless pump which causes an alter- 
nating current of water to surge back and forth through a circuit 
of distensible rubber tube. When the piston starts upwards, the 
rapidly increasing pressure in the portion a@ of the rubber tube 
causes this portion of the tube to swell, and the rapidly decreas- 
ing pressure in the portion 2 of the rubber tube causes this por- 
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tion of the tube to shrink. The swelling and shrinking of the 
rubber tube extends with diminishing intensity to the middle point 
c, as shown by the tapering of the tube and as indicated by the 
positive and negative signs of decreasing size. One result of the 
elasticity of the tube is that the whole of the water current which 
enters the tube at @ does not flow around to 4, and the whole 
of the water current that leaves the tube at 4 does not flow 
around from a, but the value of the current (volume of water 
passing a point of the tube per second) decreases from @ to c 
and from 6 to c, or, in other words, the current of water does 
not have the same value all along the circuit of pipe. Similarly, 


a rubber tube 
po wire 


t++++4+4 


b rubber tube wire 


Fie. i Fig. IV. 


when the alternator in Fig. IV starts a pulse of electric current 
in the direction of the arrow, a large electric current enters the 
wire at a, part of this current goes to charge the wire positively 
and therefore the current decreases in value towards the point c; 
and the current which enters the alternator at & does not flow 
all the way around from a but part of it comes from the wire 
and leaves the wire negatively charged. The action is analogous 
in every detail to the action which takes place in Fig. III. 

In Fig. I the only appreciably elastic element is the diaphragm 
DD whereas in Fig. III the entire circuit of pipe is elastic. In 
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Fig. II the only place where an appreciable amount of electric 
charge accumulates is on the two metal plates CC, the amount 
of charge that accumulates on the wire being negligible in com- 
parison. In Fig. IV the charge that accumulates on the wire is 
supposed to be appreciable. This is true only when the circuit 
of wire is very long like a long transmission line. The metal 
plates in Fig. II constitute what is called a concentrated capacity, 
and the wire in Fig. IV constitutes what is called a distributed 
capacity, It is important to understand that a portion of the wire 
near a in Fig. IV is to be pazred off, as it were, with a corre- 
sponding portion of the wire at 0, Fig. IV, these two portions 
constituting two plates or elements of a condenser. In the case 
of a long transmission line, short portions of the two line wires 
constitute the elements of the distributed capacity. 

The phenomena which occur in an electric circuit which con- 
tains an appreciable amount of distributed capacity differ greatly 
from the phenomena which occur in an electric circuit which con- 
tains only concentrated capacity ; electric wave motion exists in the 
former case but does not exist in the latter case. In order to 
understand more clearly the distinction between concentrated and 
distributed capacity, let us consider a simple mechanical analogue. 
Figure V represents a large mass suspended at the end of a heli- 
cal spring, the mass of the spring itself being negligible. If the 
weight is drawn down below its position of equilibrium and 
released, it will oscillate up and down, performing simple har- 
monic motion. Figure VI, on the other hand, represents a mas- 
sive helical spring which has been stretched and released. In 
this case the extreme lower end A of the spring is relieved of 
stretch and set in motion at the instant of release, a wave of 
starting WW travels up the spring, the portion of the spring 
below WW is in uniform motion and entirely relieved from 
stretch, and each point of the spring above WW remains in its 
initial stationary stretched condition until the wave WW reaches 
that point. The system represented in Fig. V is capable of but 
one simple type of oscillatory motion, whereas the system repre- 
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sented in Fig. VI is capable of an infinite variety of complicated 
types of oscillatory motion. In Fig. V, all of the elasticity is in 
one part of the system and all of the mass is in another part of 
the system, whereas in Fig. VI, the elasticity and the mass are 


WY), 


stretched 


0 


moving i 
Fi 


not stretched 


Figs Vie Rigs Vi. 


both distributed throughout the system. In Fig. V, the elasticity 
and the mass are both concentrated, and in Fig. VI the elasticity 
and the mass are both distributed. 

In the elementary working theory of alternating currents, the 
effects of distributed capacity are always ignored because they are 
usually small in magnitude, and because the mathematical theory 
of alternating currents becomes so complicated as to be of little 
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or no practical value when the effects of distributed capacity are 
taken into account. The practical problems of long-distance 
power transmission and of telephone transmission, however, 
require for their adequate treatment that the effects of distributed 
capacity be taken into account. 

- Harmonic and non-harmonic electromotive forces and currents.— 
The purely electrical problems in engineering are in most cases 
the finding of one or two of the quantities: voltage, current and 
power when the other or others are given and when the circuit 
conditions are specified; and the relations between voltage, cur- 
rent and power in an alternating-current circuit can be simply 
formulated only for the ideal case in which the voltage and cur- 
rent are of the type which is represented by a curve of sines, and 
when the capacity is concentrated. Therefore, in most alter- 
nating-current problems, voltage and current are assumed to be 
of this type which is called harmonic, and the effects of distributed 
capacity are ignored as pointed out above. 

Object of this treatise. —The object of this treatise is to develop 
the essential features of the methods for handling alternating- 
current problems when the electromotive forces and currents are 
not harmonic or when the capacity is not concentrated, or both. 
The first part of the treatise containing Chapters I to VII is de- 
voted to the phenomena of electric waves, and the second part of 
the treatise is devoted to the discussion of non-harmonic electro- 
motive forces and currents in circuits having concentrated capacity. 
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1. Wave motion.— The group of ideas relating to that kind of 
mechanical action which is calied wave motion is perhaps more 
generally useful in physics than any other group of mechanical 
ideas. Nearly every phenomenon of Sound and Light, a large 
group of phenomena in Electricity and Magnetism, and nearly 
all of the phenomena of oscillatory motion become easily intelli- 
gible in terms of the ideas of wave motion. In undertaking to 
establish the more important ideas of wave motion, however, we 
are confronted with a serious difficulty, namely, that ordinary 
water waves, the only kind of waves with which every one is 
familiar, are excessively complicated ; invisible sound waves in the 
air and the even more intangible electromagnetic waves in the 
ether, in their more important aspects at least, are very simple in 
comparison. The wave theory, however, originated in the appli- 
cations to sound and light of the ideas which grow out of a famil- 
iarity with the behavior of water waves, and in attempting to 
establish the wave theory one is obliged to base it upon the famil- 
iar phenomena of wave motion as exemplified by water waves. 


2. Wave media. — The material or substance through which a 
wave passes is called a wave transmitting medium. Thus, the air 
is the medium which transmits sound waves, and the ether is the 
medium which transmits electromagnetic waves (including light 
' waves). During the passage of a wave through a material 
medium, such as water or air, the medium always moves to some 
extent, but the velocity with which the medium actually moves 
is generally very much less than the velocity of progression of 
the wave,* and indeed, in many cases, the medium does not move 


* The mathernatical theory of wave motion in material media is developed on the 
assumption that the actual velocity v of the medium is very small in comparison with 


the velocity of wave progression I’, 


!) 
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in the direction of wave progression. Thus, when the end of a 
long rope is moved rapidly to and fro sidewise, waves travel along 
the rope, and each point of the rope moves to and fro sidewise as 
the waves pass by. In some cases, the medium is left perma- 
nently displaced after the passage of a wave, and in other cases the 
medium returns to its initial position after the passage of a wave. 


3. Wave pulses and wave trains.— When a stone is pitched 
into a pond, a wave emanates from the place where the stone 
strikes. When a long stretched wire is struck sharply with a 
hammer, a single wave (a bend in the wire) travels along the wire 
in both directions from the point where the wire is struck. When 
a long steel rod is struck on the end with a hammer, a single 
wave (an endwise compression of the rod) travels along the rod. 
When an explosion takes place in the air, the firing of a gun, for 
example, a single wave (a compression of the air) travels outwards 
from the explosion. Such isolated waves are called wave pulses. 
When a disturbance at a point in a medium is repeated in equal 
intervals of time, the disturbance is said to be periodic. Sucha 
disturbance sends out a succession of similar waves constituting 
what is called a wave train. 

The wave pulse involves all of the important physical actions 
of wave motion except that action which serves as a basis for the 
theory of the dispersion of light,* and the physics of wave motion 
can be developed in the simplest possible manner by considering 
the behavior of wave pulses. 


4, Wave shape. — A term which is frequently used in the dis- 
cussion of wave motion is the term wave shape, and the meaning 
of this term may be best explained by considering wave motion 
along a stretched wire or string.+ Let us first consider an entirely 


*The theory of the dispersion of light is outlined in Drude’s Zheory of Optics 
(translated by Mann & Millikan), pages 382-399. The subject of dispersion is not 
touched upon in this text. 

{ The theory of wave motion along a wire or string as here developed assumes 
that the wire or string is perfectly flexible, or in other words, that no elastic forces 
are produced by the bending of the wire or string. 
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general case as follows: Let AB, Fig. 1, be a wire under a ten- 
sion of Z dynes, and suppose that each centimeter of the wire 
weighs # grams. Imagine the wire to be drawn at velocity V 
centimeters per second through a bent tube WIV’, and let it be 


Fig. 1 


assumed that the wire slides through the tube without friction. 
Then the wire will not exert any force against the sides of the 
tube if the velocity V satisfies the equation 


jee 
ei N Gg & 
At this velocity, therefore, the moving wire would retain its bent 
(stationary) shape if the tube could be removed, that is to say, 
each portion of the rapidly moving wire would travel along the 
irregularly curved path in Fig. 1 even if the tube were non- 
existent. This tendency of a bend once established in a rapidly 
moving flexible wire or chain to persist is strikingly illustrated 
by the behavior of the loose chain of a differential pulley when 
the pulley is being rapidly lowered, and a series of stationary 
bends is often seen on a rapidly moving belt. 

Absence of force action between tube and wire in Fig. I may 
be shown as follows: Consider any point / of the tube. A por- 
tion of the tube in the immediate neighborhood of this point is a 
portion of a circle of a certain radius ry. Therefore, the tension 
of the wire tends to pull it against the side d of the tube, and if 
the wire were stationary this side force against the tube would be 
equal to 7/r dynes per centimeter of length of wire ;* but to 


* See Franklin and MacNutt’s Llements of Mechanics, pages 85 and 86. 
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constrain the particles of the moving wire to the circular path at 
p, an unbalanced force equal to mV*/r dynes per centimeter of 
length of wire must act upon the wire pulling it towards the 
side d of the tube.* Therefore when 7/r = mIl?/r, or when 
V= V T/m, the side force due to the tension of the wire is just 
sufficient to constrain the particles of the moving wire to the 
curved path at #, whatever the curvature at that point may be, 
and no force need act upon or be exerted by either side of the 
cuiding tube. An example of this condition is furnished by a 
high speed belt as it circles round a pulley. When the velocity 
of the belt satisfies equation (1) then the belt circles round the 
pulley without exerting any force upon it except in so far as 
bending forces are necessitated by the stiffness of the belt. A 
perfectly flexible belt driven at the proper speed would continue 
to follow its path (round a pulley) if the pulley were removed. 
Figure I represents a fixed or immovable wave on a rapidly 
moving wire. The action between the wire and tube, however, 
depends only upon their motion relative to each other. There- 
fore the action would remain unchanged if the wire were station- 
ary and the tube moving to the right in Fig. 1 at velocity V; 
the wire would slide through the moving tube without exerting 
any forces upon the sides of the tube, so that the bend WV’ 
would continue to move along the stationary wire without chang- 
ing its shape even if the tube were non-existent. Such a moving 
bend constitutes a wave, and the only motion of a given point 
of the wire during the passage of the wave is its sidewise motion. + 
The term wave shape refers to the distribution of the velocity of 
the medium (sidewise velocity of the wire in Fig. 1) in a wave. 
This matter may be made clear by the following example. 
Imagine a straight guiding tube WIV’, Fig. 2, to slide along 
the wire AB at velocity V thus producing a wave. Through- 
out the tube the wire is moving sidewise at a constant velocity 


* See Franklin and MacNutt’s Evements of Mechanics, pages 79-85. 
¢ Longitudinal motion as well as sidewise motion is possible in a wave like that 
shown in Fig. 1, but it is convenient here to consider only the sidewise motion. 
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v as indicated by the small arrows, and the portion of the wire 
in the tube is uniformly stretched. The uniform stretch of the 
wire in the tube in Fig. 2 is evident when we consider (a) that 


A wire 


Fig. 2. 


the horizontal component of the tension of the wire in the tube 
must be equal to the tension 7 of the portions of the wire be- 
yond the tube, so that the total tension of the wire in the tube is 
greater than 7Z, and therefore the wire in the tube is somewhat 
stretched ; and (4) that the tube is straight so that the tension of 
the wire in the tube must be uniform. 

In discussing waves, it is convenient to draw an axis OO, 
Fig. 3, in the direction of progression of the wave, and to repre- 


ie ral { 


progression 


sent the actual velocity of the medium at each point in the wave by 
an ordinate y as shown; or to represent the actual stretch} of 


+ That is, stretch in addition to whatever degree of stretch may exist in the undis- 
turbed portion of the wire beyond the boundaries of the wave. 
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the medium at each point by the ordinate y. Thus the wave 
shown in Fig. 2 would be represented by the rectangle ad in 
Fig. 3, inasmuch as the sidewise velocity of the wire and the 
stretch of the wire in Fig. 2 are everywhere constant in value 
between W and W’, The wave which is represented in Fig. 
2 is therefore called a rectangular wave or a rectangular wave 
pulse. Nearly the whole of the following discussion of wave 
pulses refers to rectangular wave pulses because rectangular 


wave pulses are the simplest to describe. 


5. Wave pulses in a canal. * A consideration of the simplest 
kind of wave motion ina canal, namely, the kind in which the only 
perceptible motion of the water in the wave ts a uniform horizontal 
flow, will serve better than anything else as an introduction to the 
discussion of electric waves. Consider a canal of rectangular 
section filled to a depth of DY centimeters with water. Imagine 
the water to be flowing at uniform velocity (small) of wv centi- 
meters per second, and imagine the flow to be suddenly stopped 
by a gate as shown in Fig. 4. The water, in being brought to 
rest against the gate, heaps up to a definite depth D+, anda 
wave of arrest} W moves along the canal at a definite velocity 
V. The water at a given point in the canal continues to move 
with unchanged velocity until the wave of arrest reaches that 
point, when the water suddenly comes to rest and heaps up to 


* A good discussion of ordinary water waves is to be found in Encyclopedia Bri- 
tannica, Ninth Edition, Article ‘‘ Wave,’’ Sections 5-8. A fascinating discussion 
of waves produced by ships may be found in the third volume of Sir William Thom- 
son’s (Lord Kelvin’s) Popular Lectures and Addresses. 

t The idea of the wave of arrest (and of the wave of starting) is so important in 
the discussion of wave pulses that it is worth while to illustrate it as follows: Imagine a 
troop of soldiers to be marching along in single file at a distance of three feet apart, and 
imagine every soldier to continue to march as long as there is room in front of him. 
If the front man in the troop is suddenly stopped, the other men are stopped in suc- 
cession as they come against each other, and the stopping occurs at a point which 
travels uniformly from the front to the rear of the column, a wave of arrest, as it 
were. If the front man starts, the other men in the column start in succession, and 
the starting occurs at a point which travels uniformly from the front to the rear of the 
column, a wave of starting, as it were. 
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the depth D+, The velocity of progression of the wave of 
arrest W is 


V=V¢D (2) 


in which V is expressed in centimeters per second, g is the 
acceleration of gravity in centimeters per second per second, and 
D is the depth of the water in the canal in centimeters. It is 
interesting to note that the velocity V is the velocity that would 
be gained by a body falling freely through distance D/2. 
Precisely the same action that has been described as taking 
place in Fig. 4 may be produced in a still water canal by moving 
a gate along the canal like a piston at a low velocity wv as indi- 
cated in Fig. 5. The water, in being set in motion by the mov- 


42516 


still water 


‘moving water Ww ee ates 2 


Fig. 4. Fig. 5. 


ing gate, heaps up to a definite depth D+, and a wave of 
starting MW moves along the canal at a definite velocity V. If 
the moving gate is suddenly stopped, the wave of starting W 
continues to move along as before, the water next to the gate in 
being stopped drops to its normal depth DY, and a wave of arrest 
W' moves along the canal as indicated in Fig. 6. 

The uniformly moving and uniformly elevated body of water 
A, Fig. 6, constitutes what is called a complete wave, or simply 
a wave. The water in front of the wave is continually set in 
motion at velocity v, and raised to the depth D+; the water 
in the back of the wave is continually brought to rest and lowered 
to the normal depth ZY, and the state of motion which consti- 
tutes the wave 4 travels along the canal without changing its 
character, friction being neglected. 

The physical action which takes place in the wave of starting 


16 ELECTRIC WAVES. 


W, Fig. 5, or in the wave of arrest W’, Fig. 6, may be under- 
stood by considering the case in which the waves of starting and 
arrest are spread out as shown by WW and W/W’ in Fig. 7, 
which represents a wave moving in the direction of the arrow V. 


moving , 
W water Ww 
SSE Ue Ma OS kK stationary 


still water 


The velocity of the water in the wave is represented by the 
arrows at the bottom of the figure, and the elevation of the water 
at each point of the wave is represented by the broken line 
WWW'W’. Consider a thin slice of water ab; the pressure 
on the side 6 is greater than the pressure on the side @ because 
of the greater depth of water along the side 4, and because of 


this unbalanced force the slice a must be gaining velocity ; the 


SS SS SS SS SS Sarre 


still water moving water still water 


Fig. 7. 
velocity of the water along the side 06 is greater than the veloc- 
ity along the side @ as indicated by the arrows at the bottom 
of the figure, so that more water is flowing into the slice across 
side 4 than is flowing out of it across side @ and therefore the 


slice must be increasing in height. Exactly the reverse of these 
actions takes place in the slice ad’, that is to say, the pressure 
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on the side 4’ is greater than pressure on the side a’, and 
therefore the velocity of the water inthe slice is decreasing, and 
more water is flowing out of the slice through side 8 than is 
flowing into it through side a, so that the height of the slice is 
decreasing. * 

Proof of equation (2).—Let 4 be the breadth of the canal. 
Consider a transverse slice of water one centimeter thick. The 
volume of this slice is 4D cubiccentimeters, and its mass is 60D 
grams, where 6 is the density of the water in grams per cubic 
centimeter. Therefore the kinetic energy of this slice of water 
when it is moving at a velocity v centimeters per second is 
360D" (one half mass times velocity squared). When the wave 
of arrest WV, Fig. 4, reaches the slice of water under consider- 
ation, the slice, as it comes to rest, is squeezed together and in- 
creased in depth to D+. The slice is decreased in thickness 
in proportion to its increase in depth, so that its thickness is re- 
duced to D/(D + ), or to(1 — #/D) of a centimeter, since h is 
very small. Therefore the decrease of thickness is 4/D ofa centi- 
meter. The force acting to reduce the thickness of the slice is to 
be considered as the force which is due to the zucrease of pressure 
in the water produced by the zzcrease of depth 4. This increase 
of pressure is equal to ég dynes per square centimeter when the 
slice has reached its greatest height, so that the average increase 
of pressure due to increasing depth is }/6g, and it produces over 
the face of the slice a force equal to 348g x 6D dynes. Multiply- 
ing this force by the decrease of thickness of the slice, we have 
the work done in decreasing the thickness, and this work is equal 
to the original kinetic energy of the slice.f Therefore 


*The physical action which takes place in wave motion is best expressed by a 
differential equation, See Chapter VI. 

+ This is true because the work required to increase the height of the slice comes 
from the kinetic energy of the slice. Ina complete wave like 4, Fig. 6, the kinetic 
energy of the moving water (at velocity v) is at each part of the canal equal to the 
potential energy due to the elevation of the water surface in the wave ; and in a com- 
plete wave like 4, Fig. 8, the kinetic energy of the moving water (at velocity v) is 
at each point of the canal equal to the potential energy due to the depression of the 


_water surface in the wave. See Art, 6, section (c), 


) 
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Consider the instant ¢ seconds after the closing of the gate in 
Fig. 4. The wave of arrest has then reached a distance V¢ from 
the gate, and the excess of water that is represented by the rais- 
ing of the water level (= V7 x hx 6 cubic centimeters) is the 
amount of water supplied by the flow of the canal in ¢ seconds 
(= bDvt cubic centimeters). Therefore 


Vthb = bDut 
or 
Do = 
V = Fr (ii) 


whence, substituting the value of 7 from equation (i) in equation 
(ii) we have equation (2). 

6, Additional details concerning wave pulses in a canal. (ca) 
Waves of elevation and waves of depression, — The wave shown 
in Fig. 6 may be called a wave of elevation, inasmuch as the 
water in the wave is elevated above the normal level of the water 
in the canal. In this case the velocity of flow wv is in the same 
direction as the velocity of progression V of the wave. If the 
gate in Fig. 5 be moved slowly to the right, the water next to 


still water 


Fig. 8. 


the gate in being set in motion, is lowered below the level of the 
still water in the canal, and a wave of depression is formed as 
shown in Fig. 8. In this case the velocity of flow of the water 
in the wave is opposite to the velocity of progression of the wave. 
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After the passage of the wave of elevation which is shown in 
Fig. 6, the water in the canal is left permanently displaced by an 


still water 


winaee: 0 
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Fig. 9. 


amount which is equal to the original movement of the gate, and 
the same is true of the wave of depression which is shown in Fig. 


8. Figure 9 shows a wave which is produced by a to-and-fro 


Bigs 0; 


movement of the gate, a wave of elevation followed by a wave 
of depression. In this case, the water at any point in the canal 
is left in its initial position after the passage of the wave. 


Fig. 11, 


(6) Superposition of oppositely moving waves. — Figure 10 shows 
two waves of elevation traveling in opposite directions. When 
these waves begin to overlap, as shown in Fig. 11, the velocity of 


the water in the overlapping portions of the waves is the algebraic 
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sum of the velocities in the individual waves, and the elevation of 
the water in the overlapping portions is the algebraic sum of the 
elevations in the individual waves. Therefore, since the velocities 


Fig. 12. 


of flow are in opposite directions in the two waves, the over- 
lapping portion of the waves A and # in Fig. II is a sta- 
tionary body of water elevated to the height 2/ above the normal 


Fig. 13. 


level of the water in the canal. At a later instant, when the two 
waves A and B overlap completely, the two waves form a uni- 
formly elevated stationary body of water as shown in Fig. 12. 


Figure 13 represents the state of affairs after the waves have begun 
to separate, and Fig. 14 represents the state of affairs after the two 
waves are entirely separated. Figures 15, 16, 17, 18 and 19 
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show the successive aspects of two oppositely moving waves A 
and J, a wave of elevation and a wave of depression, as they 
pass through each other. In this case, the velocity of flow is in 
the same direction in both waves, and the overlapping portion 
of the waves in Figs. 16, 17 and 18 is a uniformly flowing body 


Fig. 17. 


of water which is at the normal level of the still water in the 
canal. 

It is especially interesting to note that the uniformly elevated 
and stationary body of water in Fig. 12, and that the uniformly 
moving body of water in Fig. 17 which is neither elevated nor 
depressed, both break up into two oppositely moving waves as 
shown in Figs. 13 and 14 on the one hand, and in Figs. 18 and 
19 on the other hand. 

(c) Pure and impure waves. —The waves which are shown in 
Figs. 6, 7, 8, 9, 10, 14, 15 and 19 all have this common prop- 
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erty, namely, that the kinetic energy which is associated with the 
motion of the water in the wave is equal at each point to the 
potential energy which is associated with the elevation or depres- 
sion. Such a wave, which is called a pure wave, progresses 
without change of shape.* When, however, the potential energy 
of elevation or depression is not equal to the kinetic energy of 
flow, we have what is called an zmpure wave. Thus, the uni- 
formly elevated body of water in Fig. 12 and the uniformly 
flowing body of water in Fig. 17 are extreme cases of impure 


Fig. 19. 


waves. An impure wave always breaks up into two oppositely 
moving pure waves. Thus, the uniformly elevated body of water 
in Fig. 12 breaks up as indicated in Figs. 13 and 14, and the 
uniformly flowing body of water in Fig. 17 breaks up as indi- 
cated in Figs. 18 and 19. 

(2) Reflection of waves.—Imagine a wave like that which is 
shown in Fig. 6 to approach a rigid dam. When the wave 
reaches the dam, the moving water in the wave, in being brought 
to rest at the face of the dam, is heaped up to a double elevation 
as shown in Fig. 20; the wave of arrest IV’ in Fig. 20 travels 


* This matter is fully discussed in Chapter VI. 
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to the right, and at a certain instant the state of affairs is as 
represented in Fig. 21, the entire energy of the wave being 
represented at this instant by the double elevation of the water in 
a portion of the canal one half as long as the original wave. The 
body of stationary water in Fig. 21 begins to flow at the point P, 
and the potential energy of elevation is partly transformed into 
kinetic energy of flow as shown in Fig. 22 (compare Figs. 21 
and 22 with the right-hand halves of Figs. 12 and 13); and when 
the wave of starting W’’ in Fig. 22 reaches the dam, the water 


next to the dam is brought to rest and lowered to the normal 
level of the water in the canal as shown in Fig. 23. Figure 23 
represents the complete reflected wave which is exactly like the 
original wave, except that its velocity of flow has been reversed. 

Imagine a gate G in Fig. 24 which is free to move along the 
canal like a piston and upon which acts a force / barely suffi- 
cient to balance the normal push of the still water in the canal. 
Imagine the gate, furthermore, to be without inertia, so that the 
least increase of push of the water would cause the gate to move 
promptly to the left, or the least degrease of push of the water 
would cause the gate to move promptly to the right. When the 
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advancing wave which is shown in Fig. 24 reaches the gate, the 
gate begins at once to move at velocity 2v, and.the water next 
to the gate drops to the normal level of the water in the canal as 


shown in Fig. 25. This is evident when we consider that the 


gate (which is assumed to be without inertia) would have velocity 
v imparted to it by the motion of the water in the wave, and when 
we consider that the gate is assumed to yield immediately to the 
slightest additional pressure due to the elevation of the water in 
the wave so that the energy of elevation is at once converted into 
additional energy of flow. A moment later the entire energy of 


A 


Fig. 26. 


the original wave is represented by the energy of flow (at 
doubled velocity) of the water in a portion of the canal one half 
as long as the original wave, as shown in Fig. 26; then the 
water level at the point P is suddenly lowered (compare Figs. 
26 and 27 with the left-hand halves of Figs. 17 and 18), and 
the velocity of flow is reduced to the value uv in a region which 
widens out in both directions from P by a wave of starting IV’ 
and a wave of semi-arrest WW’’’, as shown in Fig. 27. Figure 28 
shows the complete reflected wave which is exactly like the 


WATER WAVES. 25 


original wave, except that the original wave is a wave of eleva- 
tion, whereas the reflected wave is a wave of depression. 

(¢) Reflection with and without phase reversal. —A wave always 
consists of two elements, namely, motion and distortion traveling 
along together and mutually sustaining each other, and it is con- 
venient to speak of the motion of the medium in the wave as the 
velocity phase of the wave and to speak of the distortion (eleva- 


Fig. 27. 


tion or depression in the case of water waves) as the dzstortional 
phase of the wave. Whena wave is reflected from a rigid bound- 
ary, as shown in Figs. 20 to 23, the velocity phase of the wave 
is reversed by reflection but the distortional phase is not reversed. 
When a wave is reflected from a free boundary, as shown in Figs. 
24 to 28, the distortional phase of the wave is reversed but the 


velocity phase is not reversed. 


7. Oscillation of the water in a short canal.—If a wave is 
started along a portion of a canal the ends of which are termi- 
nated by rigid dams, as shown in Figs. 20 to 23, or by freely 
moving gates as shown in Figs. 24 to 28, then the wave will be 
repeatedly reflected from the ends of the canal, and the to-and- 
fro motion of the wave along the canal will constitute a clearly 
defined type of oscillation of the water in the canal. The time 
required for one complete cycle of movements of the water in the 
canal is related to the velocity of the wave and to the length of 
the canal as follows: (a2) If both ends of the canal are rigid 
dams, then the wave, starting from end A, is reflected with 
reversal of velocity phase at end £& and again reflected with 
reversal of velocity phase at end 4A, so that, after two reflec- 
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tions, the wave is in exactly its initial condition, and, therefore, 
one complete cycle of movements of the water in the canal takes 
place during the time required for the wave to travel from one 
end of the canal to the other and back again. This is also true 
if both ends of the canal are formed by freely moving gates as 
shown in Figs. 24 to 28. 

(6) If one end of the canal is formed by a rigid dam and the 
other by a freely moving gate, then a complete cycle of move- 
ments of the water in the canal takes place in the time required 
for the wave to travel over four times the length of the canal. 
Starting from the dam-end of the canal, the distortional phase of 
the wave is reversed by reflection at the gate-end, then the 
velocity phase is reversed by reflection at the dam-end, then the 
distortional phase is again reversed by reflection at the gate-end; 
and finally the velocity phase is again reversed by reflection at 
the dam-end, thus bringing the wave into its initial condition 
after two reflections from each end. 

Figure 29 showsastring AZ which is pulled to one side at the 
point P; a canal CY in which the water in one end is elevated 
and the water in the other end is depressed ; and a transmission 
line ELF which is broken at the center and connected to a bat- 
tery which produces a uniform electric field between the two 
wires of the line, the field being directed upwards in one half of 
the line and downwards in the other half of the line. When the 
stretched string AZ is released it oscillates, and A’B’ shows 
the state of affairs at a later instant. When the gate is lifted 
from the canal CZ, the water in the canal oscillates, and C’D’ 
shows the state of affairs at a later instant. When the switch in 
EF is closed, the transmission line oscillates electrically, and 
E'F’' shows the state of affairs at a later instant. * 


* The student should make a series of drawings showing, say, eight successive 
stages of one complete oscillation of the string 48, and a series of drawings show- 
ing eight successive stages of one complete oscillation of the water in the canal CD. 
The details of oscillation of a transmission line are discussed later. The student 
should also plot a curve like that which would be traced upon a uniformly moving 
strip of paper by a pencil point attached to any given point on the string 48, Fig. 
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Relationship between kinetic energy and potential energy in an 
osculating system. — In a pure wave which is travelling in a given 
direction as shown in Figs. 6, 7, 8, 9, 10, 14, 15 and 10, the 
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29, or by a pencil point carried by a float at any given point in the canal CD, Fig. 
29; the direction of motion of the strip of paper being at right angles to the direction 
of motion ot the pencil point in each case. 
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kinetic energy of the medium is at each point equal to the 
potential energy of the medium. When, however, two oppositely 
moving waves partly overlap each other as shown in Figs. IT, 
12, 13, 16,17 and 18, and as shown for the case of an advancing 
and a reflected wave in Figs. 20, 21, 22, 25, 26 and 27, the 
potential energy is not equal to the kinetic energy at each point. 
In an oscillating system the energy is transformed wholly into 
kinetic energy, then wholly into potential energy, back again into 
kinetic energy, and so on repeatedly.* Thus, the energy of an 
oscillating pendulum is wholly kinetic when the pendulum is at the 
middle point of its swing, and the energy is wholly potential when 
the pendulum is at its maximum distance from the middle point. 
The energy of the vibrating string in Fig. 29 is wholly potential at 
the instant of release, and it is wholly kinetic when the line W’ W’’ 
(see sketch A’’) becomes coincident with the line A’S’. The 
energy of the water in the oscillating canal in Fig. 29 is wholly 
potential when the gate at the middle of the canal is in place, 
and it is wholly kinetic when the waves of starting W’ and W’’ 
reach the ends of the canal in the sketch C’D’, In many cases 
the energy of an oscillating system is not only transformed back 
and forth from kinetic to potential energy, but the energy may 
also shift back and forth in space, being at one instant largely 
concentrated in one region as potential energy and at another 
instant largely concentrated in another region as kinetic energy. 
Thus, if a weight suspended from a helical spring is set oscil- 
lating up and down, the energy is all stored in the weight as 
kinetic energy when the weight is at the middle point of its up- 
and-down movement, and the energy is wholly stored in the 
spring as potential energy when the weight is at the highest or 
lowest point of its swing. 


8. Transverse waves and longitudinal waves. — In the waves 
which are shown in Figs. 1 and 2 the motion of the medium (the 


wire or string) is at right angles to the direction of progression 


* Except in certain rather complicated types of oscillation, 


WATER WAVES. 29 


of the wave. Such waves are called ¢ransverse waves. In the 
waves which are shown in Figs. 6, 7, 8, and so on, the motion 
of the medium (the water in the canal) is parallel to the direction 
of progression of the wave. Such waves are called /ongitudinal 
waves. 


9. Wave distortion.* — A wave like A, Fig. 6, would travel 
along a canal without changing its shape if the water in the canal 
were frictionless. As a matter of fact, however, the velocity of 
flow of the water in the wave is continually reduced by the fric- 
tion of the water against the sides and bottom of the canal, whereas 
there is no action tending to reduce the elevation of the water in 
the wave. The result is that the wave becomes impure (kinetic 
energy of flow not equal to potential energy of elevation), and 
that portion of the elevation which is in excess of what ts required 
to constitute a pure wave with what remains of the velocity of flow 


direction of progression 


tail of wave 


Fig. 30. 


behaves exactly like the elevated body of still water in Fig. 12, 
that is, this excess of elevation breaks up into two pure waves A 
aides aceshown in Fig. 13, one of these, A or B, merges 
with the original wave and the other shoots backwards. The 
upper part of Fig. 30 represents on an exaggerated scale the ele- 
vated portion of water of a rectangular wave pulse in a canal. 
The velocity of flow v in this wave is continually reduced by 
friction as the wave travels along, and the excess of elevation 


* Wave distortion is sometimes called wave diffusion. 
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which is being thus continually left in the wave causes a long- 
drawn-out wave to shoot backwards ; after a time the wave takes 
on the form shown in the lower part of the figure. The energy 
in the head of the wave is greatly reduced, partly because of the 
direct losses due to friction and partly because of the shooting 
of a portion of the energy backwards into the tail of the wave. 

If the canal is brimful of water so that the elevation of the water 
in the wave causes an overflow or spill, the tendency is for a wave 
to remain pure and therefore to be propagated without change of 
shape (without the development of a tail), because the elevation 
is reduced by spill, and the velocity of flow v is reduced by fric- 
tion. This is analogous to the action which takes place on a 
poorly insulated telephone line and which sometimes causes such 
a line to transmit speech more distinctly than the same line would 


if it were thoroughly insulated. 


10. Longitudinal wave pulses along a steel rod.— Before pro- 
ceeding to discuss the production of a complete wave (of com- 
pression or stretch) along a steel rod, it is of interest to consider 
the behavior of a steel rod when it is moving endwise at a small 
velocity v and strikes a rigid wall as shown in Fig. 31. The 


Fig. 31. 


action which takes place in this case is exactly similar to the 
action which is represented in Fig. 4. The portion of the rod 
next to the wall is suddenly brought to rest and compressed, and 
a wave of arrest IV moves along the rod as indicated by the 
arrows VI. At the instant when the wave of arrest reaches the 
freeend A of the rod in Fig. 31, the entire rod is stationary and 
uniformly compressed. Therefore, balanced forces act on every 
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portion of the rod except the layer of material at the extreme 
end 4, so that this layer is relieved from compression as it starts 
to move at reversed velocity v (away from the wall), and a 
wave of starting WIV travels back along the rod as indicated in 
Fig. 32. When this wave of starting reaches the end 2B of the 


moving 


Fig. 32. 


rod, the entire rod is free from compression and is moving away 
from the wall at the same velocity v at which it was originally 
moving towards the wall. 

If the rod be glued fast, as it were, to the wall, then the end 
B of the rod is immediately brought to rest and stretched, and 
a wave of arrest travels along the rod as shown in Fig. 33. When 
this wave of arrest reaches the free end A of the rod, the entire 
rod is stationary and uniformly stretched, so that the end layer 
at A is relieved of stretch and begins to move towards the wall, 


Fig. 33. 


and a wave of starting travels back towards the wall as indicated 
in Fig. 34. When this wave of starting reaches A, the entire 
rod is in precisely its initial condition, namely, moving towards the 
wall at uniform velocity v. 

The action here described takes place so rapidly that it cannot 
be followed with the eye. In fact, the waves of arrest and start- 
ing in Figs. 31 to 34 travel at a velocity of about 17,000 feet per 
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second in a steel rod, so that the entire cycle of movements above 
described would take place 425 times per second in a steel rod 
10 feet long. 

A helical spring may be made to perform the same series of 
movements as a steel rod as above described, and at a much 


Fig. 34, 


slower rate. Thus, if one end ofa helical spring be attached to 
a wall as shown in Fig. 35, the spring may be uniformly stretched 
by pulling on theend A. If the spring is then released, the free 
end is suddenly relieved of stretch and begins to move towards 
the wall, and a wave of starting travels towards the wall exactly 
as described in connection with Fig. 34. Then a wave of arrest 
travels back from £& to A, exactly as described in connection 
with Fig. 31 ; a wave of starting (velocity v away from the wall) 
then travels from A to &; and then a wave of arrest travels 
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Fig. 35. 


from 2B to A, bringing the spring into its initial uniformly 
stretched condition. 

A complete wave of compression may be produced in a steel 
rod in a manner analogous to the production of a complete water 
wave in a canal by a moving gate as indicated in Fig. 5. Thus, 
one end of a long steel rod AB, Fig. 36, is struck with a ham- 
mer, and let us assume, for the sake of simplicity, that the ham- 
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mer continues to move at a constant velocity v while it pushes 
on the end of the rod and then rebounds. The result of such a 
hammer blow would be to set up a wave of starting JW, and the 
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Fig. 36. 


portion of the rod behind JV would be moving at uniform 
velocity v and would be uniformly compressed. At the instant 
of rebounding of the hammer, however, the compression in the 
moving portion of the rod would cause the end layer 4 of the 
rod to stop, this action would relieve the end layer of compres- 
sion, and a wave of arrest JV’ would follow the wave of starting 
W as indicated in the figure. 

The above description applies to the production of a wave of 
compression in a steel rod. A sudden pull on the end 4 of 
the steel rod in Fig. 36 would produce a complete wave of expan- 
sion or stretch. Such a wave is shown in Fig. 37.* 


axis of progression 
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: (no longer acting) 


stretched W Ww 
Fig. 37. 


* The student should make sketches similar to Figs. 20 to 23 showing the reflec- 
tion of a wave of compression from the rigid end (resting against a wall) of a steel 
rod. In this case the reflected wave is still a wave of compression, but the velocity v 


4 
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11. Wave pulses in air and water pipes. — Figure 38 represents 
a long pipe containing air, one end of the pipe being provided 
with a piston. If the piston is moved at a small velocity v for 
a short time and then brought to rest, a complete wave of com- 
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Fig. 38. 


pression is produced which travels along the tube as shown in the 
figure. This wave of compression is similar in every detail to the 
complete wave of compression which is produced by striking the 
end of a steel rod with a hammer. If the piston P in Fig. 38 
is moved at a small velocity v in an outward direction (to the 
right in the figure) and then stopped, a complete wave of rare- 
faction is produced. 

An interesting and important phenomenon of wave motion 
occurs when a wide open hydrant is suddenly closed. The mov- 
ing water is suddenly brought to rest against the valve and com- 
pressed to a very high pressure, and a wave of arrest WW, Fig. 
39, travels backwards along the supply pipe as indicated. At 


‘moving water Ww rm 


“not compressed compressed — 


Fig. 39, 


the place where the small supply pipe widens out into a large 
street main, the action is very similar to the action which takes 
place at the free end of a steel rod as described in Art. 10. 


in the wave is reversed. The student should also make sketches similar to Figs. 25 
to 28 showing the reflection of a wave of compression from the free end of the steel 
rod. In this case, the velocity in the reflected wave is unchanged in direction, but 
the reflected wave is a wave of stretch instead of a wave of compression, 
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Therefore, when the wave of arrest WIV in Fig. 39 reaches the 
street main, the uniformly compressed water in the supply pipe 
starts the water moving backwards into the street main, and this 
motion is established by a wave of starting which travels from the 
street main to the hydrant. When this wave of starting reaches 
the hydrant, the water in the supply pipe is at normal pressure 
and moving towards the street main at uniform velocity.* This 
backward movement of the water is immediately stopped f in the 
neighborhood of the valve or hydrant, producing a great decrease 
of pressure there, and a wave of arrest again travels from the 
hydrant to the street main. When this second wave of arrest 
reaches the street main, the stationary water in the supply pipe is 
uniformly expanded (at a low pressure), and the water starts flow- 
ing towards the hydrant again, this motion being established by 
a second wave of starting which travels from the street main to 
the hydrant. When this second wave of starting reaches the 
hydrant, the water is at normal pressure and in motion towards 
the hydrant as at the start (when the hydrant was suddenly 
closed), and the above-described action is then repeated. This 
cycle of movements is often repeated five or six times when a 
hydrant is suddenly closed, producing five or six sharp clicks in 
succession as the water is repeatedly brought to rest as the 
closed valve of the hydrant. 


* Tn this discussion the complicating influences of friction and leakage are ignored 
for the sake of simplicity of statement. 

+ Generally a vacuum is produced in the neighborhood of the valve by this back- 
ward movement of the water. This produces complications in the character of the 
wave-reflection which takes place at the hydrant. 


CHAPTER IL 
WAVE TRAINS AND MODES OF OSCILLATION, 


12. Simple and compound vibrations of a particle. — When a 
particle moves to and fro along a straight line performing simple 
harmonic motion,* its vibrations are called simple wébrations, 
When the to-and-fro motion of a particle is periodic but not 
simply harmonic, its vibrations are called compound vibrations > 

Graphical representation of simple and compound vibrations, — 
Consider a point /, Fig. 40, vibrating up and down along the 


reference _ 


Fig. 40. 


line (AZ, and imagine the paper to move with uniform velocity 
to the right; then the point / will trace a curved line ce. If 
the vibrations of # are simple, the curve ce will be a curve of 
sines. If the vibrations of are compound, the curve ce will 


* Simple harmonic motion is the projection on a fixed straight line of uniform 
motion in a circle. 

7 The importance of simple harmonic motion as a fundamental type of vibratory 
motion is due to the fact that any mechanical system, such as a heavy weight on the 
end of a spring, in which the entire mass is concentrated in one part of the system and 
the elasticity in another part of the system, performs simple harmonic motion. Such 
a system is sometimes described by saying that it has but one degree of freedom. In 
a mechanical system like a stretched string or air column, every part of the system has 
an appreciable mass and every particle in a system is capable of independent motion 
subject to elastic reactions between itself and the contiguous parts of the system, A 
given particle in such a system may perform any type of oscillatory motion whatever, 
and in some cases the oscillatory motion is not even periodic. 
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be a periodic curve, that is, cach section of it will be exactly 
similar to every other section, but it will not be a curve of sines. 

The curve shown in Fig. 40 is a curve of sines, and it repre- 
sents a simple vibration of the point ~. The curve shown in 
Fig. 41 is a periodic curve but it is not a curve of sines, and it 
represents a compound vibration of the point f. 


Fig. 41. 


_ Definitions. —The number of complete vibrations per second 
of a vibrating particle is called the frequency of the vibrations. 
The duration of one complete vibration is called the period of the 
vibrations, and one half the distance through which the particle 
moves to and fro is called the amplitude of the vibrations. 


13. Wave trains. — A periodic disturbance is one which is 
repeated in every detail in equal intervals of time. The time 
interval + during which one repetition of the disturbance takes 
place is called the period of the disturbance, and the number of 
repetitions per second is called the frequency. A periodic dis- 
turbance sends out a succession of similar waves constituting 
what is called a wave train, as stated in Art. 3. The distance > 
between similar parts of two adjacent waves of a train is called 
the waue length oA the train; it is the distance traveled by the 
waves during the period + Let V be the velocity of progres- 
sion of the waves, then we have a 


Example. — One end of a long rubber tube is fixed to a wall, 
the other end is heid in the hand, and the hand is moved up and 


’ 
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down periodically, one movement being of any character what- 
ever, simple or complicated. Under these conditions, a wave 
train is transmitted along the rubber tube from the hand. The 
motion of the rubber tube in this case is complicated by the fact 
that the waves which go out from the hand are reflected from the 
fixed end of the tube. Immediately after beginning to move the 
hand, however, and before the waves have reached the distant 
end of the tube, the wave train may be seen very distinctly, and 


Fig. 42. 


an instantaneous photograph of the rubber tube would show a 
series of similar bends like Fig. 42, for example. The dotted 
line in Fig. 42 represents the undisturbed position of the rubber 
tube. 

Graphical representation of a wave train. — Yor many purposes, 
it is best to think of the shape of a wave as having reference to 
the velocity of the medium at each point of the wave, as explained 
in Art. 4. For present purposes, however, it is more convenient 
to represent the shape of a wave at a given instant by a curve 
like Fig. 42 in which the ordinate of the curve at each point 
represents the distance of the medium at that point from its 
equilibrium position, the displacement of the medium, as it is 
called. : 

Simple wave trains and compound wave trains.—When a wave 
train passes through a medium, each particle of the medium oscil- 
lates. When each particle of the medium performs simple har- 
monic motion during the passage of a wave train, the wave train 
is called a simple wave train. A simple wave train is represented 
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graphically by a curve of sines,* as shown in Fig. 43. When, 
during the passage of a wave train, the particles of the medium 
perform periodic movements which are not simply harmonic, the 
wave train is called a compound wave train. A compound wave 


train is represented graphically by a periodic curve (a curve of 
which the successive portions are exactly alike), which is not a 
curve of sines. 

The character of the motion of a medium during the passage 
of a simple train of longitudinal waves may be understood from 
Fig. 44, which represents a simple wave train traveling along a 
canal. Where the velocity of flow is greatest to the right, there 
the elevation of water surface is greatest, and where the velocity 
of flow is greatest to the left, there the depression of the water 
surface is greatest. The velocity of flow is represented by the 
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Fig. 44. 


shading and also by the horizontal arrows at the bottom of the 
figure. At certain points the water is at its normal level and 
immediately beneath these points the water is stationary. ie 


* This is true whether the ordinates of the curve represent the velocity of the 
medium at each point or the displacement of the medium at each point. 
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entire state of motion as represented in Fig. 44 travels along at a 
definite velocity J’ which is usually many times as great as the 
actual velocity of flow of the water at any point in the wave train. 

When a simple wave train (of longitudinal waves) travels along 
the air in a pipe or through the open air, the motion of the air is 
exactly like the motion of the water as represented in Fig. 44, 
but in this case compression of the air corresponds to elevation 
of the water surface, and rarefaction of the air corresponds to de- 
pression of the water surface. 


14, The wave front. — Every one is familiar with the fact that 
waves on the surface of a pond always resolve themselves into 
clearly defined ridges at a distance from the disturbance, however 
complicated the disturbance may be. Thus, when a handful of 
pebbles is thrown into a pond, the wave motion in the immediate 
neighborhood of the disturbance is excessively complicated, but 
the waves become a clearly defined series of ridges at a consider- 
able distance from the disturbance. 

Consider a region AS, Fig. 45, on the surface of a pond, C 
being a distant center of disturbance. The above-mentioned fact 


Fig. 45. 


that the waves from C’ resolve themselves into clearly defined 
ridges at a distance from C means that all points on the water 
surface which lie in a certain line ABZ rise and fall together, or, 
in other words, the line AB on the water surface moves up and 


down as a whole as the waves pass by. Such a line is called a 
wave front. 
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Sound waves in the air and electromagnetic waves (or light 
waves) in the ether always resolve themselves at a great distance 
from the disturbance into a clearly defined layer or series of layers 
(if they could but be seen), and an indefinitely thin portion of 
such a layer moves up and down or to and fro * as a whole and 
is called a wave front. 

The direction of progression of a water wave is at right angles 
to its front. The direction of progression of a sound wave or 
light wave is at right angles to its front.+ 

A wave which has.a plane front is called a plane wave; a 
wave which has a spherical front is called a spherical wave. 

In extending the ideas of Art. 13 to waves in space, such as 
sound waves and electromagnetic waves, the idea of the wave 
front is of fundamental importance. Thus, the curve in Fig. 43 
represents the displacements of the particles which normally lie 
along the straight line AZ, and exactly similar curves represent 
the displacements of particles which normally lie on straight 
lines alongside of AZ and parallel to AZ; that is, a given 
ordinate a of the curve in Fig. 43 represents the displacement 
of the medium at all points in a plane perpendicular to the line 
AD. 


15. Superposition of simple vibrations and superposition cf sim- 
ple wave trains. Fourier’s theorem.{—A particle may perform 
simultaneously two or more distinct vibratory movements; in 
such a case the vibrations are said to be superposed. Thus, if 
the hand be moved slowly up and down, and if at the same time 


*TIn the case of electromagnetic waves, it is not permissible to speak of the motion 
of the medium in the ordinary meaning of that term, ‘This maiter is discussed later. 

+ When the medium through which the wave passes has different properties in 
different directions, the direction of progression may not be at right angles to the front. 
Thus, in a substance like wood, which has a grained structure, a sound waye does not 
in general progress in a direction at right angles to its front, and ina be like Ice- 
land spar, a light wave does not in general progress in a direction at right angles to 
its front. : 

{ A simple treatise on Fourier’s theorem in its application to problems in oo 
ing currents is given in Part II. A very full mathematical discussion of Fourier’s 
theorem is Byerly’s Mourier’s Series and Spherical Harmonics ; Ginn & Co., 1893. 
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one finger be moved quickly up and down, the moving finger 
would trace a curve somewhat similar to the curve in Fig. 46. 


pee ater tee 


Fig. 46. 


In this example, one vibration is assumed to be of low frequency 
and the other of high frequency in order that the movements may 
not be too greatly confused; as a matter of fact, however, any 
number of vibratory movements, whatever their amplitudes and 
frequencies, may be performed by a particle simultaneously. 

Fourter's theorem.— Any periodic vibration of frequency 2%, 
however complicated, may be matched by superposing simple 
vibrations of which the frequencies are 2, 2”, 3m, 4, and so on, 
provided that the respective amplitudes are properly chosen. 
That is to say, any given compound vibration of frequency x 
may be thought of as composed of a series of superposed simple 
vibrations of which the frequencies are x, 2”, 3%, 4m, and so on. 
Fourier’s theorem may be stated geometrically as follows: Any 
periodic curve, the curve shown in Fig. 41, for example, may be 
matched by superposing a series of sine curves of which the wave 
lengths are A, A/2, A/3, A/4, etc., where X is the wave length 
_ of the given periodic curve. Therefore a compound wave train 
may be thought of as made up of a series of simple wave trains 
of which the wave lengths are as above specified. It is for this 
reason that a wave train which is not represented by a curve of 
sines is called a compound wave train. 


16. The physical and mathematical significance of Fourier’s 
theorem in its application to oscillations and wave motion. — The 
significance of Fourier’s theorem may be best explained by refer- 
ring to the familiar phenomena of sound. The fibers of the 
basilar membrane in the inner ear are the elements which respond 
to musical sounds. These fibers are more or less like pendulums 
and they perform approximately simple harmonic motion when 
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they are disturbed in any way. A compound wave train striking 
the ear affects those particular fibers of the basilar membrane 
which vibrate in unison with the respective simple wave trains 
which enter into the composition of the compound wave train. 
It is for this reason that the simple components of the compound 
wave train are important and significant; and the simple com- 
ponents of a compound vibration are significant because they 
produce simple wave trains or are produced by simple wave trains. 

The simple-vibration components of a compound vibration and 
the simple-wave-train components of a compound wave train are 
important from the mathematical point of view because of the 
comparative ease with which a compound vibration or a com- 
pound wave train can be formulated mathematically in terms of 
these components. 

It must be remembered that the terms szmple vibration and 
simple wave train do not refer to simplicity in the ordinary sense ; 
thus the extremely simple mode of oscillation of a stretched 
string which is described in connection with Fig. 29, is certainly 
much simpler than what is hereafter called a ‘simple mode of 
oscillation of a string,’ but the sound waves which are produced 
by the oscillating string in Fig. 29 have a complex action on the 
ear whereas the sound waves which are produced by a “ simple 


1) 


mode of oscillation” in the special sense in which this term is 
_used in the theory of sound, produce a simple effect on the ear. 

A simple vibration and a simple wave train in the special sense 
in which these terms are used in this text are easily formulated 
mathematically and it is therefore convenient to resolve any given 
vibration or any given wave train into such components in the 
development of the mathematical theory of oscillations and of 
waves. 


17. Simple modes of oscillation of stretched strings and air 
columns. — When a stretched string is pulled to one side and 
released, the string vibrates in a manner which is partially repre- 
sented in Fig. 29, and more completely represented in Fig. 47. 
In Fig. 47, A,B, represents the configuration of the string at 
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the instant of release, and A,4,, A,4,, etc., represent successive 


instantaneous configurations at intervals separated by eighths of 


Fig. 47. 


a period (time of one complete oscillation). The points WW 
(waves of starting) travel towards the ends of the string in the 
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sketch A,B, The portion of the string between W and W 
is straight and it moves sidewise at uniform velocity wv as indi- 
cated by the small vertical arrows. When the waves of starting 
WW reach the ends of the string, they are reflected, and they 
travel back towards the middle of the string as shown in A,B, 
and so on. 

Any given point of the string in Fig. 47 remains stationary 
until the wave of starting MW in A,B, reaches it, the given point 
then moves at uniform velocity wv until the reflected wave of 
arrest W’W" in AB. reaches it, after which the point remains 

_ stationary for a time, and then it moves at constant velocity v in 
the reverse direction, and so on repeatedly. 

Consider a long tube closed at both ends, and imagine the air 
in the tube to be slightly compressed in one end, and slightly 
rarefied in the other end by a gate valve G as shown in the 
upper part of Fig. 48. If the gate valve is suddenly opened, the 


rarefied air (still) G compressed air (still) 


= <= normal pressure aes 
Fig. 48. 

air at the middle of the tube suddenly falls to normal pressure, 
and is set in uniform motion as shown in the lower part of Fig. 
48. This conditition of uniform motion and normal pressure is 
established by two waves of starting WIW which travel towards — 
the ends of the tube at the velocity of sound in air, and the air in 
the tube performs one complete oscillation during the time required 
for a sound wave to travel over twice the length of the tube. The 
oscillation of the air in the tube shown in Fig. 48 is exactly 
similar to the oscillation of the water in a short canal, as described 
in Art. 7, and it is precisely analogous to the oscillation of a string 
which is plucked at its center as shown in Figs, 29 and 47. 
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After the gate valve G in Fig. 48 is opened, the air at the 
middle of the tube remains always at normal atmospheric pres- 
sure, and the air in each half of the tube would oscillate in the 


compressed air (still) 


moving air Ww compressed air 


normal pressure —— still 


Fig. 49. 


same way if the tube were cut in two at the middle and left open 
to the air. Thus, Fig. 49 represents six successive stages of the 
oscillation of the air in a tube (open at one end and closed at the 
other) in which at the start air is uniformly compressed. One 
complete oscillation takes place in the time required for a sound 
wave to travel over four times the length of the tube, as may be 
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seen by following the details of Fig. 49 carefully (Fig. 49 shows 
only five eighths of a complete oscillation). 

Simple modes of oscillation. —In the above-described oscilla- 
tions of strings and air columns each particle of the string or air 
column performs periodic motion which is very far from being 
simple harmonic motion. It is desirable, however, to consider 
those modes of oscillation of a string or air column in which each 
particle of the string or each particle of air does perform simple 
harmonic motion, because such a type of oscillation is easily 
formulated mathematically and because any other type of oscilla- 
tion of a string or air column can be thought of as built up of a 
series of these simple modes in accordance with Fourier’s theorem. 
When every particle of an oscillating string of air column performs 
simple harmonic motion of a given frequency, the string or air 
column ts said to oscillate in a simple mode. Figure 50, for 
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example, shows a string vibrating in a simple mode. Every 
particle of the string performs simple harmonic motion of the same 
frequency. A simple mode of oscillation of a string is frequently 
called a stationary or standing wave train, as explained in the 
following discussion. 

It is evident from the discussion in Arts. 7, 10 and 11 that the 
oscillation of a string or air column involves wave motion along 
the string or air column, and a discussion of what are called 
simple modes of oscillation may be carried out with the greatest 
ease by considering the passage of a simple wave train (outgoing 
wave train) along a string or air column, and its reflection 
(returniug wave train) from the end of the string or air column. 
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The superposition of the outgoing and returning wave trains gives 
what is called a standing wave train, and such a standing wave 
train constitues a simple mode of oscillation of the string or air 
column. 
Standing wave trains, — When one end of a stretched rubber 
tube is moved rapidly up and down, the tube quickly settles to 
a steady state of oscillation in which a series of points xuux 
along the tube remain stationary, while the intervening portions 
of the tube surge up and down as indicated in Fig. 51. The 


moving up moving down moving up moving down 


Fig. 51. 


heavy line in Fig. 51 shows the position of the tube at a given 
instant, a snap-shot of the tube as it were. This- oscillatory 
motion of the rubber tube, which is entirely devoid of progressive 
character is called a standing wave train. ‘The stationary points 
nnnn* are called nodes, the intervening portions of the vibrating 
tube or string are called wbrating segments, and the middle point 
of a vibrating segment is called an antinode. It is important to 
keep in mind the distinction between an advancing wave train 
(which is usually called simply a wave train) and a standing 
wave train. In an advancing wave train, no portion of the 
medium remains stationary; in fact, every particle of the medium 
moves in precisely the same way and to exactly the same extent, 
but not simultaneously, each succeeding particle being a little 
later in its movements. Thus, every particle of water in Fig. 44 
oscillates to and fro, and the particles of water which at a given 
instant are stationary are merely at the extreme points of their 
oscillations. In a standing wave train, on the other hand, the 
medium does not move at all at the nodes, the amplitude of 
motion increases from node to antinode, and all the particles 
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move simultaneously ; that is to say, all the particles in a vibrat- 
ing segment move to and fro or up and down together. Further- 
more, in an advancing wave train, the kinetic energy is at.each 
point and at all times equal to the potential energy, whereas in a 
standing wave train the energy is at one instant wholly kinetic 
(at the instant when the rubber tube in Fig. 51 is straight), and 
one quarter of a period later the energy is wholly potential. 


The discussion of the oscillatory motion of the water in a short 
canal, as carried out in Art. 7, involves the use of the idea of pro- 
gressive wave motion, although the oscillation itself has no pro- 
gressive character, and the most satisfactory method of studying the 
vibratory motion which is represented in Fig. 51 is to resolve the 
standing wave train into two oppositely moving (progressing) 
wave trains. Consider two similar progressing wave trains AA 


5 
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and BB, Figs. 52, 53 and 54, moving in opposite directions as 
indicated by the heavy arrows. These wave trains are supposed 
to be traversing the same region at the same time, and AA is 
drawn above BB merely to avoid confusion. According to the 
principle of superposition, the actual displacement of each particle 
of the medium is equal at each instant to the sum of the displace- 
ments of that particle due to each wave train, and the actual 


velocity of each particle at each instant is equal to the sum of 
the velocities of that particle due to each wave train. The ordi- 
nates O of the wave train AA, Fig. 52, which reach the points 
pppp as the wave train AA moves to the right are at each in- 
stant equal and opposite to the ordinates O/’ of the wave train 
BB which reach the points pppp as the wave train BB moves 
to the left. Therefore the points pppp of the medium remain 
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stationary. The regions between the points ff, on the other 
hand, move up and down (to right and left in the case of a 
longitudinal wave) as the two wave trains AA and BB travel 
through or over each other. The resultant of the two wave 
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Fig. 54. 


trains AA and £BA is therefore a stationary wave train with 
nodal points at Ppp. 

Figure 52 shows the positions of the two wave trains AA and 
BB and their resultant RR ata given instant. The small ver- 
tical arrows in the sketch RR show the velocities of the various 
parts of the medium at the given instant. Figure 53 shows the 
positions of the two oppositely moving wave trains AA and BB 
and their resultant RA at a later instant when AA has moved 
jis of a wave length to the right and BA has moved ;', of a 
wave length to the left. Figure 54 shows the positions of AA 
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and BB and their resultant RA (a straight line) at a still later 
instant when AA has moved } of a wave length to the right 
and BB has moved } of a wave length to the left. The small 
vertical arrows in the sketch RR show the velocities of the 
various parts of the medium as before. 

Simple modes of vibration of strings. —Consider an indefinitely 
long stretched string AZ, Fig. 55, fixed toa rigid support at 
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Fig. 55. 


one end £8. Imagine a simple wave train of transverse waves of 
wave length X to approach the end &. This wave train will 
be reflected at #B, the reflected train and advancing train will 
together form a standing wave train, and the nodes of this sta- 
tionary wave train will be at a distance /2 from each other, as 
shown in Fig. 55, the fixed end & of the string being also a 
node. 

This standing wave train being once established, a rigid support 
might be placed under the string at any one of the nodes, and 
the string between this new support and B&B would continue its 
vibratory motion unchanged, except, of course, that its motion 
would be slowly stopped by friction. Therefore the length 7 of 
a vibrating string may be any multiple of A/2 or, rather, r/2 
may be any aliquot part of 7) where 2X is the wave length of 
the two oppositely moving wave trains whose superposition con- 
stitutes the actual oscillatory motion of the string, that is, 


nr : 
ey (i) 
where x is any whole number. Let V be the velocity with 
which a wave train travels along the stretched string, let 7 be 
the period of one oscillation of the string, and let f be the num- 
ber of oscillations per second (the frequency). Then, we have 


i 
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eer (ii) 
as explained in Art. 13. Substituting this value of X in equa- 
tion (i) and solving for 7, we have 


Bip . 
Se fy (iii) 
Onsince f= 1/7, 
nV . 
SS oy (iv) 


This equation expresses the frequency of oscillation of a string 
(vibrating in a simple mode) in terms of the velocity of progres- 
sion V* of waves along the string, and the length / of the 
string, 2 being any whole number. 

When ~z is unity, the whole string is one vibrating segment, 
the string vibrates in what is called a fundamental mode, and 
gives what is called its fundamental tone. When n= 2, the 
string vibrates in two segments, when xz = 3, the string vibrates 
in three segments, and so on. 

Simple modes of vibration of air columns, — Consider an indefi- 
nitely long tube AL, Fig. 56, closed at one end 4. Imagine 
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Fig. 56. 
a simple wave train of longitudinal waves, of wave length 2, to 
approach the closed end #8, in the tube. This wave train will 
be reflected at 4, the reflected train and advancing train will 
together form a standing wave train, and the nodes of the stand- 
ing wave train will be at a distance /2 from each other, as 
shown in Fig. 56, the closed end & of the tube being also a 


* See equation (1), Art. 4. 
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node. Once this standing wave train is established, an air- 
tight gate-valve might be placed in the tube at any one of the 
nodes, and the air between this gate and the closed end 2 
would continue its vibratory motion unchanged, except of course 
that its motion would be slowly stopped by friction. Therefore, 
the length / of a vibrating column (closed at both ends) may be 
any multiple of 2/2, or rather, 2/2 may be any aliquot part 
of 7, where 2 is the wave length of the two oppositely moving 
wave trains whose superposition constitutes the actual vibratory 
motion of the air. Therefore 

Z/= o (tube { Sele at both ends) (v) 
in which x is any whole number. Substituting for > the value 
Vr, where V is the velocity of sound and 7T is the period of 
one oscillation of the air column, and solving for X% we have 


20 
fats f closed 
r= Iz (‘ube Doren Vat both ends (vi) 
or, since f= 1/7, we have 
r nV Joced i 
ys 7, (tube { ae at both ends) (vii) 


This equation expresses the frequency of oscillation of an air 
column (closed at both ends or open at both ends) in terms of 
the velocity of sound V and the length 7/7 of the column, z 
being any whole number. 

The air pressure at any antinode of a standing wave train in 
Fig. 56 is invariable and equal to atmospheric pressure, although 
the air at an antinode surges back and forth (parallel to the axis 
of the tube). Therefore the tube may be cut off and left open at 
any antinode or at any two antinodes, such as a and 4@, Fig. 
56, and the vibratory motion of the air in the detached portion 
ab (open at both ends), or in the detached portion 42 (closed 
at one end) would continue unchanged, except that the motion 
would die away because of friction and because of the emission 
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of sound waves from the open end or ends. Therefore the length 
/ of a vibrating air column which is open at both ends may be 
any multiple of 2/2, or, in other words, A/2 may be any 
aliquot part of /, so that equations (v), (vi) and (vii) apply to a 
tube open at both ends as well as to a tube closed at both ends. 


open air column open 
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Fig. 57. 


It follows also from the above statement, that the length 7 of 
a vibrating air column which is closed at one end may be any 
odd multiple of 2/4, where » is the wave length of the two 
oppositely moving wave trains whose superposition constitutes the 
actual oscillatory motion of the air; that is, 


nmr 


7 = —— (tube closed at one end) (viii) 


in which x’ is any odd number. Substituting for % the value 
Vr, where V is the velocity of sound and 7 is the period of 
one oscillation of the air column, and solving for 7, we have 


4l 


T= : 
nm! V 


(tube closed at one end) (ix) 
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Or, since f= 1/7, we have 


n! 
a (tube closed at one end) (x) 


4 
This equation expresses the frequency of oscillation of an air 
column (closed at one end) in terms of the velocity of sound V. 
and the length Z of the column, x’ being any odd number. 
The organ pipe is a device in which a column of air is set into 
vibration so as to produce a musical tone. Sectional views of 


open air column closed 
a eT 


fundamental mode n'=1 in equation (x) 


LLL LL, 
mode corresponding to n’=5 in equation (x) 
Fig. 58. 


organ pipes are shown in Figs. 57 and 58. The dotted curves 
in Fig. 57 are intended to show the character of the oscillations 
of the air column in an organ pipe which is open at both ends, 
and the dotted curves in Fig. 58 are intended to show the char- 
acter of the oscillations of the air in an organ pipe which is 
closed at one end. The oscillatory motion of the air in Figs. 57 
and 58 is to and fro along the tube. 


CHART ERas LI: 
ELECTROMAGNETIC ACTION. 


18. Mechanical conceptions of magnetic and electric fields. * — 
Before proceeding to the discussion of electromagnetic waves, it is 
helpful to establish clear ideas of electromagnetic action on the 
basis of which electromagnetic wave motion may be understood. 
In no other way is it possible to gain a simple physical insight 
into this subject. Maxwell was the first to work out clear con- 
ceptions of magnetic and electric fields, and Maxwell’s conceptions 
are used in the present chapter. Everything in the present chapter 
refers strictly to two dimensions ; certain inconsistencies arise in 
the attempt to extend Maxwell’s conceptions to three dimensions. 

Maxwell’s mechanical model of the ether.—The ether is to be 
considered as built up of very small cells of two kinds, positive 
cells and negative cells, in such a way that only unlike cells are 
in contact. These cells are imagined to be gear wheels provided 
with rubber-like teeth so that if a cell be turned while the adjacent 
cells are kept stationary then a torque due to the elastic distortion 
of the gear teeth is brought to bear upon the turned cell. Figure 
59 shows five positive cells and four negative cells geared together 

* Sir Oliver Lodge’s Modern Views of Electricity is perhaps the best elementary 
treatise on this subject. 

The most complete mechanical conception of the electromagnetic field is that which 
is based upon Lord Kelvin’s gyrostatic model of the ether. This gyrostatic model of 
the ether is a mechanical structure which is capable of reproducing most of the known 
phenomena of electricity and magnetism and of light. See Aether and Matter, by 
Joseph Larmor, Appendix E, Cambridge, 1900. Lord Kelvin’s gyrostatic model of 
the ether has led to a hydrodynamic conception of the ether, due chiefly to Larmor, 
in which the ether is assumed to be a perfect fluid which is endowed with the neces- 
sary elastic properties by an indefinitely fine-grained whirling motion, On the basis 
of Lord Kelvin’s gyrostatic conception of the ether and also on the basis of Larmor’s 
turbulent ether, the magnetic field is thought to consist of a simple flow of the ether 


along the lines of force of the magnetic field. This conception of the magnetic field 
is very Gifferent from the conception (Maxwell’s) which is outlined in this text. 
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in the manner specified. In subsequent figures, these cells or cog- 
wheels are represented by plain circles for the sake of simplicity. 

Conception of the magnetic field, —The ether cells at a point in 
a magnetic field are thought of as rotating about axes which are 
parallel to the direction of the magnetic field at the point, the 
angular velocity of the cells being proportional to the intensity of 
the field. The positive cells rotate in the direction in which a 
right-handed screw would be turned that it might move in the 
direction of the field, and the negative cells rotate in the opposite 
direction. This opposite rotation of positive and negative cells is 
mechanically possible because unlike cells only are geared 


Fig. 59. Fig. 60: 


together. Thus, in Fig. 60, the positive cells are represented as 
rotating in a clockwise direction, and the negative cells as rotating 
in a counter-clockwise direction ; this is a state of motion which 
represents a magnetic field perpendicular to the plane of the 
paper and directed away from the reader. The energy of the 
magnetic field is represented by the kinetic-energy of rotation of 
the ether cells. 

Conception of the electric field. —The positive ether cells at a 
point in an electric field are thought of as being displaced in the 
direction of the field while the negative cells are displaced in the 
opposite direction, and this displacement is assumed to be propor- 
tional to the electric field intensity. Thus, Fig. 61 represents 
the positive cells as being displaced towards the bottom page 
relatively to the negative cells, as shown by the arrows, that is to 
say, the distortion of the ether structure which is shown in Fig. 
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61 represents an electric field directed towards the bottom of the 
- page. Figure 62 shows two meshes of the cellular structure of 
the distorted ether of Fig. 61. These two meshes are square in 
the undistorted ether as shown in Fig. 60, whereas the downward 
displacement of the positive cells in Fig. 61 has distorted these 
meshes as shown in Figs. 61 and 62. Inasmuch as the cell 
structure of the ether is assumed to be elastic (the gear teeth in 
Fig. 59 being made of substance like rubber), the distortion of 
the ether structure which is shown in Fig. 61 represents potential 
energy, and this energy is the energy of the electric field. 
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Fig. 61. Fig. 62. 


An understanding of the magnetic action of what may be called a 
tapering electric field may be arrived at by considering the torque 
action which is exerted upon a given cell by the elastic distortion 
which is represented in Figs. 61 and 62. Consider the two posi- 
tive cells to the left of the middle cell in Fig. 62 ; these two positive 
cells have been displaced downwards with respect to the middle 
cell, and they exert torques upon the middle cell which are rep- 
resented by the small curved arrows a@ and 4. Consider the 
two positive cells to the right of the middle cell in Fig. 62; 
these two positive cells have been displaced downwards with 
respect to the middle cell, and they exert torques upon the 
middle cell which are represented by the small curved arrows c 
and d. If the electric field is uniform (same value on both sides 
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of the middle cell in Fig. 62), then the torques a and @ balance 
the torques ¢ and d, and the distortion which is represented in 
Fig. 61 has no influence upon the rotatory motion of the cells. 

Magnetic action of a tapering electric field. — Imagine an elec- 
tric field of which the lines of force are straight, as shown in 
Fig. 63, but of which the intensity falls off as shown in Fig. 63, 
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Fig. 63. 


that is to say, the intensity of the electric field along any line 
AB in Fig. 63 is represented by the ordinate y of an inclined 
straight line CD. Such an electric field is called a tapering field 
for the sake of brevity. Imagine the ether cells in Fig. 61 to be 
displaced in a manner to represent the tapering electric field of 
Fig. 63. Then the two positive cells to the left of the middle 
cell in Fig. 62 are displaced downwards more than the two posi- 
tive cells to the right of the middle cell in Fig. 62, so that the 
two torques @ and 6 exceed the two torques ¢c and d, that 
is, the middle cell is acted upon by an unbalanced torque, and, 
therefore, the middle cell must be gaining angular velocity about 
an axis perpendicular to the plane of the paper. What is here 
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said of this particular cell is true of all the ether cells in Fig. 61 
in the case of a tapering electric field; therefore, a tapering elec- 
tric field produces a continuously increasing magnetic field at right 
angles to wself.* 

This magnetic action of a tapering electric field is exactly 
analogous to the dynamic action of an inclined water surface, as 
explained in connection with Fig. 7. 

Electric action of a tapering magnetic field. — Hereafter a chain 
of geared cells which is free from distortion will be thought of as 
standing in a straight 
row as shown in Fig. ves HOHWOMAO 
64a, and the opposite es ; 
displacements of positive Fig. 64a, 
and negative cells which 
constitute an electric 7 


t 
field will be thought of as (+) +) (+) (+) 
changing sucha straight 4 C) C) (-) 
row to a zigzag row, as 4 | ti 
shown in Fig. 640. Con- 
sider a number of geared 
cells which tend by an elastic action of any kind to stand ina 
straight row like Fig. 64a. Such a row is converted into a zig- 
zag row as shown in Fig. 640 if the cell @ is turned while the 
cell 0 is kept stationary. 

Figure 65 represents a tapering magnetic field the intensity of 
which at any place AZ is represented by the ordinate y of the 
inclined straight line CD. Looking endwise at the lines of force 
of the magnetic field one may, as it were, see the ether cells rotat- 
ing as shown by the curved arrows in the end view, Fig. 65, cell 


* This is a modified form of statement of the law of induced electromotive force. 
It is a verbal statement of the differential equation 
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in which JZ is the y component of magnetic field, and Z is the z-component of 
electric fizld. This differential equation is derived and discussed in Chapter VI. 
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a rotating at high speed and cell 4 being stationary. The 
result of this difference of speed is to cause an increasing zigzag 
distortion of the chain of ether cells a4, and this zigzag distor- 
tion constitutes an electric field at right angles to the magnetic 
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Fig. 65. 


field in Fig. 65, that is to say, a tapering magnetic field produces 
a continuously increasing electric field at right angles to itself.* 
This electric action of a tapering magnetic field is exactly 
analogous to the action of a “tapering”’ velocity of flow of the 
water in a canal, as explained in connection with Fig. 7. 
* This is a modified form of statement of the law of induced magnetomotive force. 
It is a verbal statement of the differential equation 
CB Ee Le 
ET REE 
in which Y is the y-component of electric field and NM is the 2-component of 
magnetic field. This differential equation is derived and discussed in Chapter VI. 
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Lhe electric current. — Consider a wire* AB, Fig. 66, along 
which an electric current is flowing steadily from B towards A. 
The magnetic field on opposite sides of AB is in opposite direc- 
tions, so that the positive 
ether cells at # and fp’ are PO) 
rotating in opposite direc- 
tions as indicated. A steady 


electric current may be main- A B 
tained for an indefinite length 

of time, but the opposite ro- 3 

tations of positive ether cells PO) 

onthe ‘two sides of AS, 
Fig. 66, cannot be accom- 
modated by an ever-increasing ether distortion (distortion of the 
rubber-like teeth of the ether cells as shown in Fig. 59), there 
must be a slip between adjacent cells somewhere between / 
and 7’. This slip between adjacent ether cells takes place in the 


material of the wire and constitutes the electric current. 


Fig. 66. 


Steady electric currents 

Pp flow in closed circuits. Max- 
well’s conception of the ether 
shows that this must be true 
as follows: Consider the op- 
posite rotations of like ether 
cells at p and 7’, Fig. 66, 
and consider a chain of 

Fig.-67. é 

geared cells passing from / 

to p’ around the end of AZ as shown by the curved line in Fig. 
67. The current in AZ is assumed to be maintained indefinitely 
and therefore the opposite rotation of # and /’ is assumed to 
continue indefinitely, but this continued opposite rotations of / 
and p’ cannot be accommodated by ever-increasing distortion of 
the elastic gear teeth of the ether cells along the chain which 


* Strictly, a broad metal sheet. Maxwell’s conceptions apply to two dimensions 


only. 
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passes around the end of AZ, a slip must take place between 
adjacent cells at some point along this chain. Therefore the line 
of flow of the current ABZ (line of slip of geared cells) must 
form a closed circuit which cuts across every possible chain of 
geared cells extending from / to 7’. 

When a current flows along a path which does not form a 
closed circuit, then an increasing ether distortion (electric field) 
is produced around the end portions of the path as explained in 
A238 


19. The flow of energy in the electromagnetic field. Poynting’s 
theorem. — It has been shown by J. H. Poynting * from theoretical 
considerations that energy streams through an electromagnetic 
field in a direction at right angles both to the electric field and 
to the magnetic field at each point, and that the amount of energy 
per second which streams across one square centimeter of area is 
proportional to the product of the electric and magnetic field 
intensities. If the electric and magnetic fields are not at right 
angles to each other, the energy stream is proportional to the 
product of the intensities of the two fields and the sine of the 
included angle. 

Conception of the energy stream. — Consider a row of gear 
wheels, as shown in Fig. 68. Imagine the wheel W to be 
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Fig. 68. 


turned steadily by a crank, and the wheel J” to be hindered 
by a brake. Under these conditions, energy would be con- 
tinuously transmitted along the chain of gear wheels from W to 
W’. Each wheel of the chain would be acted upon by equal 
and opposite torques by the wheels on either side of it, the trans- 


*See Philosophical Transactions, Vol. 175, Part Il, page 343, 1884. This 
original paper by Poynting is well worth reading. 
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mission of energy along the chain would depend upon this torque 
action combined with the rotatory motion of the wheels, and the 
rate at which energy would be transmitted along the chain would 
be proportional to the product of the speed of the wheels and the 
torque action between adjacent wheels. 

Imagine the ether cells in Fig. 61 to be rotating, positive cells 
in one direction and negative cells in the other direction, about 
axes perpendicular to the plane of the paper. This rotatory 
motion constitutes a magnetic field perpendicular to the plane of 
the paper and perpendicular to the electric field which is towards 
the bottom of the page in Fig. 61. On account of the torque 
action between the cells (as explained in connection with Fig. 62) 
combined with the rotation of the cells, energy is transferred to 
the right (or left) by each horizontal chain of geared cells in Fig. 
61 at a rate which is proportional to the product of the intensity 
of the magnetic field and the intensity of the electric field; and 
the energy per second flowing across an area (at right angles to 
both electric and magnetic fields) is proportional to the product 
of the respective field intensities and proportional to the area, 
inasmuch as the area determines the number of rows of cells 
which participate in the transfer of the energy. 


20. Examples of Poynting’s theorem. (a) Zhe flow of energy 
in the neighborhood of a wire carrying an electric current when no 
electric charge resides on the surface of the wire.—In general, the 
surface of a wire which carries an electric current is charged,* 


* The component of the electric field which is parallel to the surface of a wire is 
always equal to AZ, where A is the resistance of the wire per centimeter of length, 
and J is the current flowing in the wire; but the component of the electric field at 
right angles to the surface of the wire may have any value whatever. ‘The electric 
lines of force which terminate on the surface of the wire on account of the existence 
of this normal component of the electric field involve a stationary electric charge on 
the surface of the wire. The electric current may be considered to be a transfer of 
electric charge along a wire, but the stationary charge here referred to has nothing 
directly to do with the current. When a voltaic cell is on open circuit, the electric 
field in the surrounding region may be such that the volts per centimeter along a given 
path may vary in the most irregular way; but when this path is occupied by a wire 
through which the voltaic cell produces current, then the electric field in the whole 
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and this charge is associated with the lines of force of electric 
field which is perpendicular to the surface of the wire. There is 
always a point on any wire circuit, however, where the wire is 
not charged or, in other words, where the electric field is parallel 
to the surface of the wire. In any case, it is permissible to con- 
sider that part of the energy flow which depends upon the com- 
ponent of the electric field parallel to the wire. Figure 69 shows 
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a straight wire carrying electric current. The lines of force of 
the electric field are parallel to the wire as shown in the side view, 
and the lines of force of the magnetic field encircle the wire as 
shown in the end view. The dotted lines represent the energy 
stream which flows in towards the wire from all sides. 

The equation for the energy stream in an electromagnetic field 


surrounding region is modified by the stationary charge on the surface of the wire so 
as to make the component of the electric field parallel to the wire everywhere equal to 
Rf, as above specified. Energy appears in each unit length of the wire at the rate 
of RZ? ergs per second. This amount of energy must flow into every unit length of 
the wire, and the electric field in the neighborhood of the wire must be so distributed 
as to give this necessary distribution of the energy stream. It is to be remembered 
that the trend of the magnetic field in the neighborhood of an electric circuit depends 
only on the shape of the circuit but not at all on the relative resistances of the various 
parts of the circuit, and, therefore, the proper distribution of the energy stream to 
supply the #/? losses at each part of a circuit depends, one might say, chiefly upon 
the modification of the electric field due to surface charges on the wire. 
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may be established by considering the inward flow of energy in 
the neighborhood of a wire carrying an electric current as follows: 
Let & be the resistance of the wire in abohms per centimeter 
of length, and let / be the current in the wire in abamperes, 
then A/ is the intensity of the surrounding electric field in 
abvolts per centimeter. The intensity of the magnetic field at a 
distance of y centimeters from the axis of the wire is 2//7 gausses.* 
The intensity of the energy stream (ergs of energy per second per 
square centimeter) at points distant 7 centimeters from the axis 
of the wire is proportional to the product of the electric field and 
the magnetic field intensities, and it may therefore be written 
kx RI x 2l/r, where & is an unknown proportionality factor. 
Multiplying this expression for the intensity of the energy stream 
by the area of a cylindrical surface / centimeters in length and 
ry centimeters in radius (cylindrical surface coaxial with wire), 
we have the total ergs per second streaming into / centimeters 
of the wire, and this must be equal to /~x R/?. Therefore 


we have 
of 
our xR Xx Sl x = tx Wale 
whence 
poe 

41 
Therefore, we have in general 

I 

ly oe (4) 


in which S is the energy in ergs per second which streams across 
one square centimeter of area at right angles to a magnetic field 
of which the intensity is /Y gausses and at right angles to an 
electric field of which the intensity is e abvolts per centimeter, 
H and e being at right angles to each other. 

(0) The flow of energy in the neighborhood of wires assumed to 
be of zero resistance. —In this case the component of the electric 
field parallel to the surface of the wires is equal to zero, and the 

* See Franklin and MacNutt’s Elements of Electricity and Magnetism, page 101. 
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only electric field which exists, if any, is that which is associated 
with charges on the surfaces of the wires or ribbons. An ideally 
simple case is shown in Fig. 70, in which AA and 4A are 
straight wires (ribbons), assumed to be of zero 
resistance, which deliver current from a voltaic 
cell to a fine resistance wire (ribbon) zw. The 
electric field between the ribbons AA and LB is 
uniform, and the lines of force of the electric 
field are represented by the fine horizontal lines 
in the figure ; the intensity of the electric field is 
equal to the electromotive force of the voltaic 
cell divided by the distance between the ribbons. 
The magnetic field between the ribbons is uni- 
form, and the lines of force of the magnetic field 
are perpendicular to the plane of the paper in 
Fig. 70 as indicated by the dots between AA 
and £4. The energy stream, being everywhere 
at right angles to the electric and magnetic fields, 
is straight upwards as indicated by the dotted 
arrows. If the wires (ribbons) in Fig. 70 have 


electric current 
electric current 


resistance, then the lines of force of the electric 
field turn slightly downwards (in the figure) 
near each ribbon on account of the A/ drop 
along the ribbons, and the energy stream, instead of flowing 


Fig. 70. 


straight upwards, turns to some extent into the ribbons where 


A 
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Fig. 71. 


it appears as the R/’ loss. This is shown roughly in Fig. 71 
which represents the flow of energy froma generator along a 
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transmission line 4/7 toa distant lamp Z. It is impracticable 
in this case to represent the exact trend of the lines of force of 
the electric and magnetic fields in the neighborhood of the gen- 
erator and in the neighborhood of the lamp.* 

(c) The flow of energy in an electromagnetic wave.—The 
energy in an electromagnetic wave flows continuously from the 
back part of the wave to the forward part of the wave, as explained 
in Art. 23, and this energy flow is due to the coexistence of 
electric and magnetic fields at right angles to each other in the 
wave. 


21. The Hertz oscillator. — A clear understanding of the details 
of action of the Hertz oscillator depends upon an insight into what 
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Fig. 72. 


takes place when a condenser is charged and discharged. Before 
discussing the Hertz oscillator, therefore, it is necessary to con- 
sider the charge on a condenser and its mode of disappearance 
when the condenser plates are connected by a wire. Consider a 
closed (endless) chain of gear wheels AZ, Fig. 72, which tend 
to stand ina smooth row. If the gears are allowed to slip at any 
point s, the gear / being held stationary and the gear e being 
turned in the direction of the arrow, then the chain of gears will 
be distorted into a zigzag row, as shown in Fig. 73. Conversely, 


* Some examples of the theorem of energy flow are given in Poynting’s original 
paper in the Philosophical Transactions for 1884, Some interesting examples of 
Poynting’s theorem are given by W. S, Franklin, in the Physical Review, Vol. XIII, 
pages 165-181, 1901. The details of field distribution and energy flow in the neigh- 
borhood of two lony parallel cylindrical conductors (line wires) are given by G, Mie, 
Zeitschrift fiir Physikalische Chemie, Vol. XXXIV, page 522. 
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a chain of geared cells which by elastic action tend to stand in a 
smooth row, will be relieved from such a zigzag distortion as 
shown in Fig. 73 by permitting the gears to slip at any point s, 


g®. 
ip 
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Fig. 73. 


and the potential energy stored in the distorted chain will be 
geared towards s from both sides. 

Let A and B, Fig. 74, be two metal plates, and let the 
dotted lines represent closed chains of geared ether cells, each 


chain being like Fig. 72. Imagine the two plates A and B to 
be connected by a wire,* and an electric current to be forced 


* Strictly the wire in Fig. 74 must be thought of asa broad ribbon. All figures in 
this discussion represent two dimensional distributions of electric and magnetic fields. 


* 
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through this wire by means of a voltaic cell, thus causing the 
plates A and & to become charged. The forcing of electric 
current through the wire means a forced slipping of ether cells at 
every point of the wire, and each chain of geared cells, initially 
like Fig. 72 becomes distorted like Fig. 73. Throughout the 
region between A and 4, the positive ether cells are displaced 
downwards and the negative ether cells are displaced upwards, 
that is, the region between A and B becomes an electric field, 
the direction of which is downwards from the positively charged 
plate A to the negatively charged plate BZ. 

Given two charged metal plates A and PB as above explained, 
each dotted curve in Fig. 74 being supposed to represent an end- 
less zigzag chain of ether cells like Fig. 73. Then a wire (rib- 
bon) connected from A to # will cut across every one of the 
zigzag chains of geared ether cells, slipping will begin at every 
point on the wire, each zigzag chain of cells will begin to be 
relieved from its zigzag distortion, the energy of each distorted 
chain will be transmitted along the chain to the wire where it will 
appear as heat, and the entire region between and surrounding 
the plates A and B will be relieved from electrical stress. The 
explanation here given of the entire relief of the electrical stress 
between two plates by the establishment of a conducting line (line 
of slip) between them applies to two adjacent oppositely charged 
bodies of any shape. An electric spark is a line of slip (a con- 
ducting line), and the energy of the electric field flows in upon 
the spark as it does upona wire. The slipping of ether cells in 
a conductor is imagined to be opposed by a frictional drag. 

The Hertz oscillator. — Let A and B, Fig. 75, be two metal 
balls connected to two short rods between which is an air gap 
(spark gap). Imagine charge to have been collecting on A and 
B, positive charge on A, negative charge on 4, until a spark 
jumps across the air gap, thus establishing a conducting path from 
A to B, and causing A and & to be discharged. This dis- 
charge is usually oscillatory like the movement of a string which 
is pulled to one side and suddenly released, as follows : Consider 
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a chain of geared ether cells which when undistorted lies smoothy 
along the dotted line in Fig. 75, this dotted line being everywhere 
perpendicular to the lines of force of the electric field. When A 
is positively charged this chain is distorted as shown (in part), but, 
inasmuch as it is a closed chain, its distortion is fixed as explained 
in connection with Fig. 73. When a spark is formed across the 
gap, however, a line of slip is established which cuts across the 
distorted chain, and the distortion disappears as explained in con- 


Fig. 75. 


nection with Figs. 72, 73 and 74. What is said of the single 
chain of ether cells is true of every chain which surrounds A or 
Bruin Ties 75. 

If the slip which relieves the distortion of the chain of ether 
cells takes place with great friction (great electrical resistance of 
the conducting path formed by the spark), the cells near the spark 
begin turning slowly and the entire energy of the distorted chain 
is geared into the spark and converted at once into heat. If the 
slip which relieves the distortion of the chain of ether cells is al- 
most frictionless (low electrical resistance of the conducting path 
formed by the spark), then the energy of the distorted chain is 
used mainly in. overcoming the inertia of the cells in the neighbor- 
hood of the spark as they are set rotating, and after a very short 
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interval of time the whole of the electrical energy will have been 
converted into kinetic energy of the rotating cells (magnetic 
energy). During this conversion the energy, streaming along the 
dotted lines in Fig. 75, largely disappears from the regions ce and 
ee and is distributed mainly in the region 7. When the chains 
of ether cells have been relieved from distortion, the rotatory 
motion of the ether cells in the region mm _ will have reached a 
maximum, and the cells will continue to rotate because of their 
momenta, thus producing reversed distortion of each chain of 
ether cells. During the time that this reversed distortion is be- 
ing produced the energy streams back from the region mm to 
the regions ee and ce, being converted again into potential energy 
of ether distortion, and the balls 4 and & become charged ina 
reversed sense. This reversed distortion of the chains of ether 
cells is then relieved by a reversed slip (a reversed current in the 
rods and along the spark), and the above-described action is re- 
peated over and over again until the original energy of the electric 
field has been dissipated. 

When one end of a stretched rubber tube is held in the hand 
and moved up and down slowly, the tube has time to accommo- 
date itself to the changing position of the hand. If, however, the 
hand is moved up and down rapidly, the portions of the tube re- 
mote from the hand do not follow the changing position of the 
hand promptly, and the result is that waves are produced which 
pass out from the moving hand. The oscillatory changes above 
described in connection with Fig. 75 take place so rapidly that the 
portions of the distorted ether which are remote from the oscillator 
do not follow the changes promptly. This gives rise to electrical 
waves which pass out from the oscillator. In the immediate 
neighborhood of the oscillator the action is rather complicated, 
but at a distance from the oscillator the wave motion becomes very 
simple.* The following chapter is devoted to the discussion of 


electric waves. 


* Hertz’s researches on electric waves, experimental and theoretical, have been 
published in book form (see Llectric Waves by Heinrich Hertz, translated by D. E. 
Jones, Macmillan and Company, 1893). 
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A very good discussion of Hertz’s experimental researches is given by J. A. Flem- 
ing on pages 306-326 of his Principles of Electric Wave Telegraphy, Longmans, 
Green and Company, 1908. 

A good discussion of the mathematical theory of the Hertz oscillator is given by 
Fleming on pages 326-352 of his Principles of Electric Wave Telegraphy. This 
theoretical discussion of Fleming’s follows the original paper by Hertz which was 
published in 1889 (see pages 137-159 of Hertz’s Electric Waves). 


CHAPEERS LV, 
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22. An electromagnetic wave is a state of ether distortion and 
a state of ether motion traveling along together and mutually 
sustaining each other. The ether distortion is electric field and 
the ether motion is magnetic field. An electromagnetic wave may 
be either dounded, or free in the same way that a sound wave 
may be bounded or free. Thus, a sound wave which travels 
along a speaking tube is bounded, and a sound wave which 
travels through the open air is free ; an electric wave which travels 
along a transmission line is bounded, and an electric wave which 
travels through open space is free. ) In the following discussion 
of electromagnetic waves, bounded waves will be treated first 
because of their greater simplicity, and free waves will be treated 


afterwards. 


Fig. 76. 


Electromagnetic wave pulse bounded by two metal ribbons. — 
Figure 76 is a perspective view of two broad parallel metal rib- 
bons AB and A’B’, and Fig. 77 is an edgewise view of the 
two metal ribbons of Fig. 76 with a rectangular * electromagnetic 
wave pulse represented as traveling along between them at 
velocity V. The fine vertical lines represent the electric field 
which is directed towards the top of the page, and the dots repre- 

* The ordinate y of the rectangle in the lower part of Fig. 77 represents the value 
of electric field or the value of the magnetic field throughout the wave. Compare Fig. 


77 with Fig. 6. 
75 
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sent the lines of force of the magnetic field which is perpendicular 
to the plane of the paper and directed towards the reader. Ax 
electromagnetic wave pulse consists of a layer of electric field and 
magnetic field, the lines of force of the electric field and the lines of 
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force of the magnetic field le in the plane of the layer and at right 
angles to each other, and the entire layer moves sidewise at a defi- 
nite velocity V (the velocity of light). 

Where the lines of force of the electric field emanate from the 
lower ribbon A’A’ in Fig. 77, the ribbon has a positive electric 
charge, and where the lines of force of the electric field terminate 
on the upper ribbon AZ in Fig. 77, the ribbon has a negative 
electric charge. Furthermore, the portion a/b’ of the lower 
ribbon in Fig. 77 which bounds the magnetic field of the wave 
has an electric current flowing in it in the direction of progression 
of the wave as indicated by the arrow, and the portion ad of the 
upper ribbon in Fig. 77 which bounds the magnetic field of the 
wave has an electric current flowing in it in the direction opposite 


ELECTROMAGNETIC WAVES. Wh 


to the direction of progression of the wave. The existence of 
these electric currents is in accordance with the conception of 
electric current as explained in Art. 18 because the uniformly 
rotating ether cells in the region ada’d’, Fig. 77, may be thought 
of as slipping where they come in contact with the wires (ribbons) 
meeands Am, 

It is important to note that the electric charges represented in 
Fig. 77 are surface charges on the inner faces of the ribbons. 
These charges are stationary, the electric current zz the lower 
ribbon continually transfers positive charge from a’ to 0’, and 
the electric current zz the upper ribbon continually transfers nega- 
tive charge from @ to J. 

Electromagnetic wave pulse bounded by two parallel wires. — 
Figure 77 represents a rectangular electromagnetic wave pulse 
traveling along between two very broad metal ribbons. An elec- 
tromagnetic wave pulse can also be completely bounded by two 
parallel cylindrical wires like the two wires of a transmission line. 
In this case, however, the lines of force are not straight lines. 
Thus, Fig. 78 represents a rectangular electromagnetic wave 
pulse traveling along two parallel wires AB and A’S’. In 
this case the lines of force of the electric field and the lines of 
force of the magnetic field lie in planes perpendicular to the 
transmission wires (when the resistance of the transmission wires 
is negligibly small), as shown in the side view in Fig. 78. The 
dots in this side view represent the lines of force of the magnetic 
field, and the fine lines in the side view represent the lines of force 
of the electric field. The end view in Fig. 78 shows the trend of 
the magnetic lines of force mmm and the trend of the electric 
lines of force eeee in a plane at right angles to the transmission 
lines AB and A’B’. In Fig. 78 the portions ad and a’d’ of 
the transmission wires have stationary electric charges on their 
surfaces, and electric current flows zz these portions of the wires 
very much as in the ribbons in Fig. 77. The end view in Fig. 78 
shows the wave traveling towards the reader. 

The effect of line resistance is to cause the lines of force of 
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electric field to bend slightly backwards (towards A and A’ in 
Fig. 78) in the immediate neighborhood of the two wires. It is 
desirable, however, to ignore the effects of line resistance in our 
preliminary discussion of electromagnetic waves on transmission 


side view end view 
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lines. By doing so the fundamental ideas of electromagnetic 
wave motion are greatly simplified, and it is possible to take 
approximate account of the effects of line resistance after the 
fundamental ideas have been established. Therefore in all the 
following discussion, the line resistance is supposed to be zero 
unless it is specifically stated to the contrary. 


23. Conceptions of electromagnetic wave motion. — Figure 79 is 
intended to show the details of the physical action which takes 
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place in a rectangular electromagnetic wave pulse. A single 
horizontal chain of geared cells is shown in the figure, although 
a complete representation of what takes place in the wave would 
necessitate the showing of a number of horizontal chains of geared 
cells, every one of which would be parallel to and exactly similar 
to the chain which is shown in Fig. 79. Within the region of 
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the wave, the ether cells are all in uniform rotation as indicated 
by the small curved arrows; and within the region of the wave 
the cell structure is uniformly distorted, positive cells being dis- 
placed upwards with respect to the negative cells, as shown in the 
figure. Throughout the middle portion of the wave, each rotat- 
ing cell is acted upon by equal and opposite torques by the adja- 
cent cells ahead of it and behind it (because of equality of electric 
field intensity ahead of it and behind it), and therefore all of the 
cells in the middle portion of the wave continue to rotate at 
unchanging speed ; also the zigzag distortion of the chain of ether 
cells remains unchanged throughout the middle portion of the 
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wave because of the equal speeds of rotation of all the ether cells, 
The middle portion of this rectangular wave pulse is in fact an 
ordinary stationary magnetic field and an ordinary stationary 
electric field, and there is no progressive motion of any kind in 
the middle portion of such a wave pulse, except the progressive 
motion of energy, as explained later. The peculiar action which 
leads to a progressive motion of a wave pulse is the action which 
takes place at the front boundary d@ and causes the building up 
of electric and magnetic fields in the region immediately ahead of 
the wave pulse, and the action which takes place at the back 
boundary c and causes the electric and magnetic fields to die 
away in this part of the wave pulse. This action can be best 
understood by considering a wave pulse in which the electric and 
magnetic fields taper gradually to zero in the front region and 
also in the back region of the wave as shown in Fig. 80. The 
tapering electric field in the region cd, Fig. 80, causes a con- 
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Fig. 80. 
tinual growth of magnetic field throughout this region, and the 
tapering magnetic field in the region cd causes a continual 


growth of electric field throughout this region; whereas the 
tapering magnetic field throughout the region ad causes a 
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continual dying away of the electric field throughout this region, 
and the tapering electric field inthe region a@é causes a continual 
dying away of the magnetic field in this region as explained in 
Art. 18. The action here described is analogous to that which 
is described in connection with Fig. 7, which represents a water 
wave in a canal, 

Lunergy stream in an electromagnetic wave.—The coexistence 
of the electric and magnetic fields throughout the waves in Figs. 
79 and 80 causes a streaming of energy from the back part of the 
waves, where the fields are dying away, to the front part of 
the waves, where the fields are being built up, as explained in 
Art. 10. 

Electromagnetic wave train.— Figures 77 to 79 represent what 
is called a rectangular electromagnetic wave pulse, and Fig. 80 
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represents such a wave pulse which tapers at front and back. 
When a simple train of electromagnetic waves travels along 
between two metal ribbons, the distribution of electric and mag- 
netic fields, the distribution of electric charges on the ribbons, and 
’ the distribution of electric current in the ribbons, are as shown 


7 
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in Fig. 81. The fine vertical lines in this figure represent the 
lines of force of the electric field, and the dots represent the lines 
of force of the magnetic field A which is perpendicular to the 
plane of the paper and directed inwards or outwards as indicated. 
The distribution of electric charges on the ribbons is indicated by 
the positive and negative signs, and the distribution of electric 
current in the ribbons is represented by the short horizontal 
arrows. Large positive and negative signs represent large 
amounts of charge per unit area, and small positive and negative 
signs represent small amounts of charge per unit area; heavy 
horizontal arrows represent strong current, and small arrows rep- 
resent weak current. The ordinates of the curve of sines in the 
lower part of the figure represent either the magnetic field inten- 
sity, or the electric field intensity, or the amount of electric charge 
per unit area of ribbons, or the current strength at different points 


along the ribbons. 


24. Calculation of velocity of progression of an electromagnetic 
wave.* — It was pointed out in Art. 23 that the middle portions 
of a rectangular electromagnetic wave pulse are stationary, and 
that the only thing which moves forwards is the energy as it 
streams from the back part of the wave pulse where the electric 
and magnetic fields are dying away to the front part of the wave 
pulse where the fields are being built up. It is convenient, how- 
ever, to think of the electric and magnetic fields as moving along 
sidewise at the velocity of progression of the wave. On the basis 
of this idea, the moving magnetic field may be thought of as in- 

* The straightforward development of the mathematical theory of electromagnetic 
wave motion is based upon the differential equations which express the magnetic action 
of a tapering electric field and the electric action of a tapering magnetic field (see Art. 
18). This method of development is outlined in Chapter VI. The method of the 
present chapter, however, is to develop conceptions of electromagnetic wave motion 
which enable one to understand what takes place without recourse to differential equa- 
tions ; and, in keeping with this method, it is desirable to show how the velocity of 
progression of a free electromagnetic wave depends upon the inductivity and perme- 
ability of the transmitting medium, and how the velocity of progression of an electro- 


magnetic wave which is bounded by the wires of a transmission line depends upon the 
capacity and inductance of the line per unit of length. 
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ducing and thereby sustaining the electric field, according to the 
well-known law of induced electromotive force ; and the moving 
electric field may be thought of as inducing and thereby sustain- 
ing the magnetic field, according to a law of induced magnetomo- 
tive force which is not so well known. 

Let // be the intensity in gausses of the magnetic field in the 
region of the wave in Fig. 77, let e be the intensity of the elec- 
tric field in abvolts per centimeter, let 7 be the distance across 
from wire to wire (ribbon to ribbon), and let V be the velocity 
of progression of the wave. The sidewise motion of the magnetic 
field at velocity V induces an electromotive force between the 
wires (ribbons) in the region of the wave, and this electromotive 
force is given by the well-known equation 


Pine 00a 


Therefore the electric field intensity £// in the wave is given 
by the equation aT iz (5) 


in which ¢ is expressed in abvolts per centimeter, HY is ex- 
pressed in gausses and JV is expressed in centimeters per second. 
The simplest procedure in the discussion of the velocity of 
progression of an electromagnetic wave is to use, in conjunction 
with equation (5), another equation which expresses the intensity 
of magnetic field induced by the moving electric field, namely, 


H! =ae'V (6) 


in which /’ is the magnetic field induced by the sidewise 
motion at velocity V of an electric field e’. This is a simpli- 
fied form of the law of induced magnetomotive force. It is not, 
however, familiar to the student of elementary electricity and 
magnetism,* and therefore it is better to discuss the velocity of 

* An electromagnetic wave consists of a magnetic field and an electric field moving 
along together and mutually sustaining each other. The electric field is at right angles 
to the magnetic field and the direction of motion is at right angles to both. Zhe action 


involved in the sustaining of an electric field by a moving magnetic field is familiar 
to everyone as the law of induced electromotive force; that is to say, a moving mag- 
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progression of an electromagnetic wave on the basis of equation 
(5) together with the condition that the magnetic energy per cubic 
centimeter in a wave is equal to the electric energy per cubic centi- 
meter. The magnetic energy in ergs per cubic centimeter in a 
magnetic field is equal to 77/87 where // is expressed in 
gausses, and the electric energy in ergs per cubic centimeter in 
an electric field is equal to ¢/(2.262 x 10”),* where e is ex- 
pressed in abvolts per centimeter. Therefore on the basis of 
equality of electric and magnetic energy, we have 

H* Ce 

83 2.202 x 107 


(7) 
Solving equations (5) and (7) for V, we have 
= (hee 
Vaz=2 GOOLE LO eas 


25. Transformation of equations (5), (6) and (7). — Equations 
(5), (6) and (7) apply in their simple form to free electromagnetic 
waves in air, or to electromagnetic waves on a plain transmission 


netic field induces an electric field at right angles to itself. The sustaining of a mag- 
netic field by a moving electric field 1s an action which ts not familiarly known, As 
a mattet of fact, however, a moving electric field induces a magnetic field at right 


angles to itself such that 
Hl’ = aeV (6) 


in which ¢/ is the intensity of the moving electric field in abvolts per centimeter, V 
is the velocity at which the electric field is moving (sidewise), /Y’ is the intensity in 
gausses of the magnetic field which is induced by the moving electric field, and a is 
aconstant. In an electromagnetic wave the magnetic field A which sustains the 
electric field e by its inducing action in accordance with equation (5) is itself sus- 
tained by the inducing action of the electric field according to equation (6). That is 
to say, equations (5) and (6) may be considered to be simultaneous equations in their 
application to a pure electromagnetic wave, or, in other words, e and ¢é/ refer to 
identically the same electric field in both equations, and HY and A” refer to identi- 
cally the same magnetic field in both equations. Therefore, eliminating the ratio 
He from these two equations, we find 
a (8) 
* See Franklin and MacNutt’s Elements of Electricity and Magnetism, pages 76 
to 81, for a discussion of the energy of a magnetic field, and pages 185 and 186 for a 
discussion of the energy of an electric field. 
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line with air insulation. It is desirable, however, to transform 
these equations so that they may apply not only to air but to any 
medium, and so that they may apply to a transmission line 
which has any sort of insulation, to a transmission line which has 
small inductance coils inserted in it at intervals as shown in 


Fig. 82, to a transmission line which has condensers connected 
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Fig. 82. 


Fig. 83. 


across it as shown in Fig. 83, or to a transmission line which 
combines the features of Figs. 82 and 83. Equations (5), (6) 
and (7) may be applied to any medium by introducing the per- 
meability s and the inductivity « as follows: 


e = pHV (52) 
HY! = axelV (6a) 
rida Ke" 


Bm m2:202°x 107 (72) 
The following transformations are intended to bring equations 
(5), (6) and (7) into the form in which they are most conveniently 
applied to a transmission line. 
Transformation of equation (5).* Equation (§) was derived by 
looking upon the electromotive force between the transmission 


* Sec Appendix A for a discussion of inductance and capacity of a transmission line, 
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wires as due to the inducing action of the traveling magnetic field 
in the wave. Let Z be the inductance of the transmission line 
per unit of length,* and let / be the current (outward in one 
wire, backward in the other wire) in the line. Then Z/ is the 
amount of flux which passes between or links with the transmis- 
sion wires in unit length of the line, and, if V is the velocity of 
progression of the electromagnetic wave, then 1/V of a second 
is the time required for all of the flux between the wires of unit 
length of the line to travel forwards unit distance and sweep 
across an imaginary line drawn from wire to wire. Therefore, 
LI divided by 1/V, or LIV, is the electromotive force in- 
duced between the wires ; therefore equation (5) becomes 


ey (52) 


In this equation everything may be expressed in c.g.s. units, f 
or £ may be expressed in volts, Z in henrys per mile, J in 
amperes, and V in miles per second. This equation (50) applies 
to two flat ribbons or to an ordinary transmission line with 
cylindrical wires. 

Transformation of equation (6).—Let C be the capacity of 
the two wires of a transmission line per unit length of the line, 
the two wires being looked upon as the plates of a condenser. 
Then C# is the charge on each wire per unit length of the line, 
positive charge on one wire and negative charge on the other. 
The current / in the transmission line transfers this charge from 
the back part of the wave to the front part of the wave, as 
explained in Art. 22, the amount of charge thus transferred in ¢ 
seconds is the charge on length V# of the wires, and this 
amount of charge is CHEV? Therefore, /¢+= CEV¢, or 


l= CEV (60) 
This equation (62) applies to two flat ribbons or to an ordinary 
transmission line with cylindrical wires. 


* In this text one mile of transmission line means one mile of pole line. The two 
wires together constitute a transmission line. 
{The units of the electromagnetic system, only, are used in this text. 
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Transformation of cquation (7).— Equation (7) expresses the 
equality of magnetic energy and electric energy in a pure electro- 
magnetic wave. The magnetic energy of unit length of trans- 
mission line is 3//*, and the electric energy of unit length of 
transmission line is $C*. Therefore, equation (7) becomes 


Pea R? (72) 


in which Z is the inductance of unit length of the transmission 
line, C is the capacity of unit length of the transmission line, / 
is the current in the line which is associated with the wave, and 
f is the voltage across the line due to the electric field in the 
wave. In this equation everything may be expressed in c.g.s. 
units * or ZL may be expressed in henrys per mile, C may be 
expressed in farads per mile, / may be expressed in amperes, 
and £ may be expressed in volts. 

Wave velocity on a transmission line. — Solving equations (56) 
and (60) for V, or solving equations (50) and (74) for V, we 
have 


V= J a © 


The velocity of progression of an electromagnetic wave along a 
transmission line is thus given in terms of the inductance and 
capacity of the line per unit length. If Z is expressed in henrys 
per mile and C in farads per mile, then JV is expressed in miles 
per second. Ina plain transmission line, V is the same as the 
velocity of light in the dielectric which separates the wires. 
Equations (52), (64), (72) and (9) apply also to a cable with a 
metal core and sheath separated by a dielectric. When a trans- 
mission line is “‘loaded’’ with inductances as shown in Fig. 82, 
or when it is provided with condensers as shown in Fig. 83, the 
velocity of progression of an electromagnetic wave along the line 
is greatly reduced in accordance with equation (9). 


* The units of the electromagnetic system, only, are used in this text. 
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26. Additional details concerning electromagnetic wave pulses 
on a transmission line. (a) Superposition of oppositely moving 
waves, — Figure 84 shows two rectangular electromagnetic wave - 


H inward H outward 


A B 


Fig. 84. 


pulses traveling in opposite directions along a transmission line. 
When these waves begin to overlap, the magnetic field in the 
overlapping portions of the waves is the algebraic sum of the 
magnetic fields in the individual waves, and the electric field in 
the overlapping portions is equal to the algebraic sum of the elec- 
tric fields in the individual waves. Figure 85 shows the state of 


H zero 


Cc 
Fig. 85. 


affairs when the two waves A and BP in Fig. 84 come into 
complete superposition; the magnetic field is then everywhere 
zero and the electric field is of doubled intensity. 

Figure 86 also shows two rectangular electromagnetic wave 
pulses traveling along a transmission line, and Fig. 87 shows the 
state of affairs at the instant when these two waves come into 
complete superposition, giving a region in which the electric field 
is zero and the magnetic field is of doubled intensity.* 

* The student should make sketches showing the partial superposition of the waves 


in Figs. 84 and 85 and the partial superposition of the waves in Figs. 86 and 87, and 
these sketches should be compared with Figs. 10 to 14 and with Figs. 15 to 19. 
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(0) Pure waves and impure waves. —The waves which are 
shown in Figs. 77, 78, 79, 80 and 81, and in Figs. 84 and 86 all 
have this common property, namely, that the kinetic energy which 
is associated with the magnetic field in the wave is at each point 
equal to the potential energy which is associated with the elec- 
tric field. Such a wave, which is called a pure electromagnetic 
wave, progresses without change of shape. When, however, the 
potential energy of the electric field is not equal to the kinetic 
energy of the magnetic field, we have what is called an zmpure 


HI inward H inward 


Fig. 87. 


wave. Thus, the region of uniform electric field in Fig. 85 and 
the region of uniform magnetic field in Fig. 87 constitute extreme 
cases of impure waves. An impure wave always breaks up into 
two oppositely moving pure waves as may be understood by com- 
paring Figs. 85 and 87 with Figs. 10 to 14 and Figs. 15 to Ig, 
respectively. 

(c) Reflection of an electromagnetic wave pulse at the end of a 
transmission line. — The open-end of a transmission line is analo- 
gous to a rigid dam at the end of a canal, and the details of the 
reflection of a rectangular electromagnetic wave pulse from the 
open end of a transmission line can be understood from Figs. 20 
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to 23 which are exactly analogous to Figs. g1 to 94. The short- 
circuited end of a transmission line is analogous to a freely mov- 
ing gate at the end of a canal, as shown in Fig. 24, and the 
details of the reflection of an electromagnetic wave pulse from the 
short-circuited end of a transmission line can be understood from 
Figs. 25 to 28 which are exactly analogous to Figs. 96 to 99. 

The action which takes place at the open end of a transmis- 
sion line is represented in Fig. 88. A uniform current flows out- 
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ward in one line, through a short-circuit at the end of the line 
and backward in the other line, producing a uniform magnetic 
field between the lines, and the end of the line is suddenly 
opened (resistance of line wires assumed to be negligible). The 
current at the extreme end of the line suddenly drops to zero 
value, and the energy of the magnetic field is transformed into 


+o + + + + + + + + + + —> —> 


(ee aa 
end of line 


energy of electric field. This transformation of magnetic into 


electric energy extends rapidly over the line as a wave of arrest 
W which travels away from the end of the line as indicated by 
the arrow JV in Fig. 88. 

The action which takes place at the short-circuited end of a 
transmission line is shown in Fig. 89. Both ends of the line are 
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open and the two transmission wires are charged, by a battery, 
for example, like the two plates of a condenser, so that a uniform 
electric field exists between the wires from end to end of the line ; 
then one end of the line is suddenly short-circuited. The charge 
immediately disappears from the extreme end of the line produc- 
ing electric current as indicated by the small horizontal arrows, 
and the electric energy is transformed into magnetic energy. 
This transformation of electric into magnetic energy extends 
rapidly over the line in the form of a wave of starting W which 
travels away from the short-circuited end of the line, as indicated 
by the arrow JV in Fig. 89. 

Imagine a wave pulse like that shown in Fig. 90 to approach 
the open end of a transmission line. When the wave reaches the 


H inward 


open end 
of line 


open end of the line, the current in the wave is reduced to zero 
at the extreme end of the line, and, in being reduced to zero, it 
builds up a region of doubled electric field as shown in Fig. 91. 


Hinward : 
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Fig. 91. : Fig. 92. 


A moment later the state of affairs is as shown in Fig. 92; a 
region of doubled electric field (magnetic field equal to zero) half 
as long as the original wave exists at this instant. A little later, 
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the state of affairs is as shown in Fig. 93, and Fig. 94 shows the 
complete reflected wave. 
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Figure 95 shows an electromagnetic wave pulse approaching 


the short-circuited end of a transmission line. When this wave 


H inward 


short-circuited 
end of line 


reaches the short-circuited end of the line, the electric field is 
reduced to zero at the extreme end of the line, and, in being re- 
duced to zero, it establishes a doubled current at the extreme 
end of the line and builds up a magnetic field of doubled intensity 


H inward H inward 


Figs 96: piles) DLs 


as shown in Fig. 96. A little later, the state of affairs is as 
shown in Fig. 97; a region of doubled magnetic field (electric 
field equal to zero) half as long as the original wave exists at this 
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instant. Figure 98 shows the state of affairs a moment later, and 
Fig. 99 shows the complete reflected wave. 


H inward H inward 
— FF. 
Fig. 98. Fig. 99. 


(2) Reflection with and without phase reversal. — An electro- 
magnetic wave always consists of two elements, namely, mag- 
netic field and electric field, traveling along together, and it is 
convenient to speak of the magnetic field in the wave as the 
magnetic phase of the wave and to speak of the electric field in 
the wave as the electric phase of the wave. When an electro- 
magnetic wave is reflected from the open end of a transmission 
line as represented in Figs. 90 to 94 the magnetic phase of the 
wave is reversed but the electric phase is not reversed. When an 
electromagnetic wave is reflected from the short-circuited end of 
a transmission line as represented in Figs. 95 to gg, the electric 
phase of the wave is reversed but the magnetic phase is not re- 
versed, The student should compare Figs. 90 to 99 with Figs. 
20 to 28. 


27. Electric oscillation of a transmission line. — If an electro- 
magnetic wave is started along a transmission line, the wave will 
be repeatedly reflected from the ends of the line, and the to-and- 
fro motion of the wave will constitute a clearly defined type of 
electric oscillation of the line. The time required for one com- 
plete oscillation of the line is related to the velocity of the wave 
and to the length of the line as follows: (a) If both ends of the 
line are open, then the wave, starting from end A is reflected 
with reversal of magnetic phase at end # and again reflected 
with reversal of magnetic phase at end A, so that, after two re- 
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flections, the wave is exactly in its initial condition. Therefore 
one complete cycle of electric ‘‘movement”’ takes place during 
the time required for the wave to travel from one end of the line 
to the other and back again. This is also the case when both 
ends of the line are short-circuited. (4) If one end of the line 
is open and the other end short-circuited, then a complete cycle 
of electric ‘‘movement”’ takes place in the time required for the 
wave to travel over four times the length of the line. Starting 
from the open end of the line, the electric phase of the wave is 
reversed by reflection at the short-circuited end, then the magnetic 
phase is reversed by reflection at the open end, then the electric 
phase is again reversed by reflection at the short-circuited end, 
and then the magnetic phase is again reversed at the open end, 
thus bringing the wave into its initial condition. 

A particular case of oscillation of a transmission line is repre- 
sented in Fig. 29 in which &F represents the initial condition 
of the line, and £’/” represents the state of affairs at a given 
instant after the switch has been closed.* 


wi 


open end 
of line 


Fig. 100. 


The electric oscillation of a transmission line which is produced 
when a generator is suddenly connected to one end of the line 
is partly shown in Figs. 100 and 1o1. When the generator 
(a battery is shown in Figs. 100 and 101) is suddenly connected 


* The student should make a series of drawings showing, say, eight successive 
stages of one complete oscillation of the transmission line // in Fig. 29, and a curve 
should be plotted of which the ordinates represent ‘successive values of the current at 
any given point on the transmission line and of which the abscissas represent elapsed 
times. The student should also plot a curve of which the ordinates represent the 
successive values of the voltage across the transmission line at a given point and 
of which the abscissas represent elapsed times, 
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to the line, a pure electromagnetic wave shoots out along the 
line, full generator voltage and the corresponding current [see 
equation (72)] are established by a wave of starting W’, Fig. 
100; when this wave of starting reaches the open end of the line, 
the current in the line and the magnetic field between the line 
wires are both reduced to zero at the extreme end of the line, a 
doubled electric field is built up, and a wave of arrest W’’, Fig. 


w’ 
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open end 
of line 


Fig. 101. 


IOI, travels back towards the generator. When this wave of 
arrest reaches the generator, the electric field at the generator 
end of the line suddenly drops from the doubled value to the 
value which corresponds to generator voltage, and a reversed 
current is established through the generator.* This reversed cur- 
rent together with normal generator voltage across the line are 
then established over the whole line by a wave of starting very 
much like W’ in Fig. 100; when this second wave of starting 
reaches the open end of the line the reversed current and normal 
voltage across the line are both reduced to zero at the extreme 
end of the line, and this neutral condition of the line is established 
by a second wave of arrest very much like W’, Fig. 101, which 
travels back towards the generator. When this second wave of 
arrest reaches the generator, the entire line is in its initial condi- 
tion, and therefore one complete oscillation has taken place. 
Figure 102 represents a direct-current generator delivering a 
steady current over a transmission line of negligible resistance to 
a receiver of negligible resistance (zero voltage across line every- 
where). When the receiver is suddenly opened, the current is 


* The generator is here assumed to have zero resistance. 
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reduced to zero at the opened end of the line, and, in being 
reduced to zero, it builds up a voltage between the lines of which 
the value is Tyeb} C, according to equation (7). This condi- 


tion is established by a wave of arrest W’, Fig. 103, which 
travels towards the generator, and when this wave of arrest 
reaches the generator, one quarter of a complete oscillation of the 


transmission line has taken place.* In case the receiver in Fig. 
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102 has resistance XX, the line oscillates in precisely the manner 
here described, when the receiver is opened, except that the 
initial voltage A/ between the line wires is added algebraically 
to the voltage which is associated with the electric oscillations of 
the line. 


28. Reflection from a non-inductive receiving circuit. — Consider 
a pure electromagnetic wave shooting out from a generator along 
a transmission line as shown in Fig. 104. When the wave 
reaches the end of the line, it is partly reflected. Let 2, be the 
voltage across the transmission line and /, the current in the 
line (outgoing current in one wire and returning current in the 


* The student should trace the details of the remainder of an oscillation by making 
a series of sketches. The generator has zero voltage if receiver resistance R is zero, 
line resistance being negligible: that is, the generator is, in effect, a dead short-cir- 
cuit. The details of the oscillations may be easily followed by considering the canal 
analog of Fig. 103. 
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other wire) which are associated with the outgoing wave, and let 
£,, and /, be voltage and current which are associated with 
the reflected wave. Then, from equation (74) we have 
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Fig. 104. 

pete = UTES (i) 

and 
eid a = CL (ii) 

whence 

a - 
Die ce aoe A a (iii) 

and 

Il, R 

Tae == Lis GC (iv) 


Let 4, and J, be taken as positive, then equation (ili) becomes 
Le 
ra (v) 
and, since reflection must be accompanied by reversal of £ or 
I to give a wave traveling backwards, equation (iv) becomes 


Jer =e Hh Vz (vi) 


and the expression VLG is to be hereafter considered as positive. 

The total current at the end of the line (the current which 
enters the receiving circuit) is 4/+ 7, and the total voltage 
across the end of the line is £,+ ,, and therefore, since the 
total current at the end of the line must enter the receiving cir- 


cuit R in Fig. 104, we have 


Berni 


L+i,= as =u (vii) 
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Three special cases of reflection may be understood at once 
from equation (vii) if one keeps in mind the fact that the ratio 
E,,/Z, is a constant according to equation (74) so that £,, is 
zero when J/,, is zero, and if one remembers that either £,, or 
Z,, must be negative. 

(2) When & is zero, then £,+ 4, must be zero according 
to equation (vii), since the current cannot be infinite. Therefore 
£,=—£,. That is, reflection takes place from a short-circuited 
end (R=0) with reversal of voltage phase, and the reflection 
is complete (all of the energy is turned back into the line). 

(4) When ¥& is infinity (open-ended line), then 7, + 4, is 
zero, or 4, = —J,. That is, reflection takes place with reversal 
of current phase and the reflection is complete. 

(ce) When 4=2,/K, thatis, when x =f, (7) [=VL/C see 
equation (iii)|, then &,, = /,,=0, or, in other words, there is 
no reflection, and all of the energy of the advancing wave is 
swallowed up by the non-inductive receiving circuit. 

In order to determine the values of £,, and JZ, in the re- 
flected wave for any given value of #, substitute the values of 
E, and £,, from equations (v) and (vi) in equation (vii), and we 
have « 


Ws 
(/, T,) Ne 
pau oa (vii) 
from which we find 
aaa |Z 
BRNG 
as a f, eee (ix) 
'T RNG 
and using equations (v) and (vi) we find 
PAE 
ENG 
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Equations (ix) and (x) give the values of £, and J, for any 
given value of #. It is instructive to substitute the values R=o, 
R=o, and R= YZL/C in equations (ix) and (x), and to com- 
pare the results with the statements given above under (a), (A) 
and (c). 

When the receiving circuit has resistance and inductance, a 
rectangular wave like that shown in Fig. 104 is reflected in a 
manner which, in the early stages, depends upon the inductance 
but eventually upon the resistance alone as above explained. 

When the receiving circuit contains a condenser, a rectangular 
wave like that shown in Fig. 104 is reflected in a manner which, 
in the early stages, depends upon the capacity of the condenser 
but eventually the reflection settles to the kind which corresponds 
to a simple open-ended line. 

The reflection of a rectangular wave like Fig. 104 from a re- 
ceiving circuit which contains inductance is completely described 
in the next article. 


29. Reflection from an inductive receiving circuit. — Let £, and 
Z, be the voltage and current which are associated with the ad- 
vancing rectangular wave (very long) which is shown in Fig. 104, 
let ¢ and z be the voltage and current (at the extreme end of 
the line) which are associated with the reflected wave at an 
instant ¢ seconds after the front of the advancing wave reaches 
the end of the line, and let R and JZ, be the resistance and in- 
ductance of the receiving circuit. It is desired to determine ¢ 
and 7 as functions of 7¢ 

At the instant of arrival of the front of the wave at the end of 
the line there can be no current in the receiving circuit, and, con- 
sequently, at this instant, the receiving circuit reflects like a 
simple open-ended line. Therefore when ¢=0 we have 


e.= E 
ee } (i) 
A= —/, 


The total voltage across the end of the line at any time 7 is 
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E, +e (algebraic sum). The total current at the end of the 
line at any time ¢ is 7, +2 (algebraic sum). Therefore we have 


ai " 
E,+e=RU 4415 (ii) 


This equation is evident when we consider that £, + ¢ is the 
voltage acting on the receiving circuit, that /, + 2 is the current 
in the receiving circuit, and that dz/d¢ is the rate of increase of 

current in the receiving circuit. 
- According to equation (74) we have 


411? =. (CE (iti) 
whence 
Ve 
= —zZ ie 


(wv) 
the negative sign being chosen for reasons explained in the pre- 
vious article. Substituting the value of e from equation (iv) in 
equation (ii) we have 


pear eer) ep fice iN 
or 
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In order to integrate this differential equation let 


E = Ris ae ‘ 
j= oe Z (vi) 
Riva. 
whence 
dy a 
at dt 
so that equation (v) becomes 
& dy b 
= — ——_? ‘gee dt (vii) 
real 
TENG 
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which, by integration, gives 
a Ee 
y= Ae R+At0"* (viii) 


in which 4 isa constant of integration which may be determined 
by substituting in (viii) the value of y when ¢=0. Now 


t= —/, when ¢=0 so that (vi) gives 
aaa 
l= gees 
R+ we 
e 


when ¢=0, whence, from equation (viii), we find 
ITS Ika 
A= ae, + /, (ix) 
R+\¢ 


Substituting this value of A and the value of y from equa- 
tion (vi) in equation (viii) and solving for 2, we have 


RENE 


i= ple I \e Lo (x) 


This equation expresses the changing value of the current (and 
voltage ¢= — iV L 6) in the reflected wave on the assumption 
that the transmission line is very long so that the second reflec- 
tion of the reflected wave from the generator end of the line need 
not be considered ; it also shows that z= — /, when ¢=0, and 


that z approaches the value 


as time elapses as shown in Fig. 105. This ultimate value of z 
(and of ¢) in the reflected wave is the value which would exist 
from the beginning if the receiving circuit were non-inductive. 


102 ELECTRIC] WAVES: 


30. The transfer of energy back and forth from one part to 
another of a complex oscillating system. — When a transmission 
line is made up of several sections differing from each other in 
inductance and capacity, or when a transmission line is connected 
to a generator at one end and to a receiver at the other end, the 
oscillation of the line is usually accompanied by a back-and-forth 


axis of time 


on) 


Fig. 105. 


transfer of energy from one section of the line to another section, 
or by a back-and-forth transfer of energy from the line to the 
generator or receiver. A great variety of particular cases might 
be considered but the following extremely simple case must suf- 


short-circuited 
end of line 


Fig. 106a. 


fice. A generator G delivers direct current through two large 
inductances ZZ to a transmission line as shown in Fig. 1o6a. 
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The end of the line is short-circuited, a heavy short-circuit current 
is established (with negligible voltage across the lines), the short- 
circuited end of the line is then suddenly opened, and the whole 
system is thus set into oscillation. Let us assume for the sake 
of simplicity that the inductance ZZ is very great so that a 
sensibly constant current continues to flow into the line for a con- 
siderable time after the end of the line is opened, and let us con- 
sider the oscillations of the line on the assumption that the line 
resistance is negligible. At the instant of opening of the end of 
the line, the current at the end of the line drops to zero, the end 
of the line becomes charged, and a wave of arrest W”’ travels 
towards the generator as described in connection with Figs. 102 
and 103. When this wave of arrest reaches the point PP in 
Fig. 106a, the current is zero over the whole line, and the voltage 
across the line has everywhere the value of 4 = IVL{[C accord- 
ing to equation (7), where J/ is the initial value of the current 
in the line. The current entering the line at the point PP under 
the assumed conditions maintains a constant value, and this cur- 
rent and doubled voltage 2E( = 2 x JV/L/C) are established in 
the line by a wave of starting. When this wave of starting 
reaches the opened end of the line, the current is again reduced 
to zero and the voltage increased to 3 by a wave of arrest 
which travels back towards the generator. The current / 
and quadrupled voltage 4 are then established by a wave of 
starting, and when this wave of starting reaches the opened end 
of the line, the current is again reduced to zero and the volt- 
age increased to 5 by a wave of arrest which travels back 
towards the generator, and so on. In this case the kinetic energy 
of the portion ZZ of the system is transferred into the line as 
the line oscillates and this energy is converted step-wise into the 
electrical energy which is associated with the increasing voltage 
across the line wires. 

A better understanding of the above-described slow transfer of 
energy from the large inductances LZ into the oscillating line 
may be obtained as follows: The system shown in Fig. 106a has 
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two * simple modes of oscillation, namely, (a) the inductance ZL 
and the line (considered as a large condenser) constitute a slowly 
oscillating system, and (0) the line itself, as the electric waves are 
reflected back and forth between its ends is a rapidly oscillating 
system. The above-mentioned transfer of energy from ZZ into 
the oscillating line is merely the first part of a long-drawn-out 
oscillation of the type (a). It is evident from this statement of 
the case, that energy would be slowly given back to ZZ by the 
oscillating line at a later stage. In fact this later stage is realized 
at the start if the initial condition is high charges on the line wires 
instead of heavy currents in the line wires, that is to say, if the 
line wires are charged one wire positively and the other wire 
negatively, and if oscillations are started by suddenly connecting 
the lines to ZZ, then, as the line oscillates, its energy is slowly 
transferred to £LL.+ 

The canal analogue of the oscillating system above described 
(Fig. 106@) would be a tremendously massive piston moving 
along the canal and causing the water to move with it, the mov- 
ing water coming against a rigid dam at the end of the canal. 
A more intelligible analogue, however, is shown in Figs. 1060 
and 106c. A heavy weight W and a helical spring SS, which 


Fig. 106b. 


* The system has an infinite series of simple modes of oscillation but it is sufficient 
for present purposes to consider only two. 

+ The student should be able to describe the details of this action on the assump- 
tion that the inductances ZZ are very large, resistances being negligible. 
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is in its normal condition as regards stretch, move along together 
as indicated by the horizontal arrows, and the end of the spring 
comes against a rigid wall. At the instant when the end of the 
spring in Fig. 1064 comes against the wall, a wave of arrest 
travels along the spring from the wall towards the weight, behind 
this wave of arrest the spring is at rest and uniformly compressed 
and ahead of this wave of arrest the spring is in its initial condi- 
tion of uniform motion and free from compression. Figure 106c¢ 
represents the instant when the wave of arrest has reached the 
moving weight, at this instant the spring is everywhere at rest 
and uniformly compressed, the continued motion of the heavy 
weight sets the end of the spring into motion and doubles its 
compression; this condition of the spring is established by a wave 


WN 


mpressed 


Fig. 106c. 


of starting which travels toward the wall, and when this wave of 
starting reaches the wall the spring is in uniform motion and uni- 
formly compressed. Thus, the compression of the spring is 
increased stepwise, and of course after a time the increasing com- 
pression of the spring brings the weight to rest and then sets it 
in motion in a reversed direction. The system represented in 
Figs. 1060 and 106c has two types* of oscillation, namely, 
(a) the oscillation of the weight and spring forming a system of 
the first class (concentrated elasticity and concentrated mass), 


* The system has an infinite series of simple modes of oscillation, but it is sufficient 


for present purposes to consider only two. 
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and the spring alone oscillates as a system of the second class 
(distributed mass and distributed elasticity). 


31. The lightning arrester. — When a short-circuit current 
flows over a transmission line as described in connection with 
Figs. 102 and 103, or as described in connection with Fig. 106a, 
a sudden opening of the circuit is followed by electrical oscilla- 
tions of the line (or surges of current, as such oscillations are 
sometimes called). Zhe magnetic energy of a short-circuit cur- 
vent is dissipated with a minimum of surging by inserting a low 
resistance across the end of the line instead of opening the line 
completely. 

When the two wires of a transmission line are highly charged, 
as represented in Fig. 89, the short-circuiting of the end of the 
line causes the line to oscillate electrically as described in con- 
nection with Fig. 89. The electrical energy of a highly charged 
line such as is shown in fig. 89, ts dissipated with a minimum 
of current surging by inserting a high resistance across the end of 
the line instead of short-circurting tt. 

When a pure electric wave containing equal amounts of elec- 
tric and magnetic energy is created on a transmission line, by 
a lightning discharge for example, the energy of the wave ts 
dissipated with a minimum of surging of current if the two wires 
at the ends of the line are connected by non-inductive resistances 
of which the value is Vee This is evident when we con- 
sider that a resistance of this value does not reflect any portion 
of a wave but swallows up its energy completely, as explained 
Us Art. 28; 

Some idea of the mode of generation of an electric wave by a 
lightning discharge may be obtained by considering a simple case 
as follows: Lines of force of electric field are gradually established 
between a line wire and a cloud, the cloud is suddenly discharged 
by a lightning stroke and the electric lines of force which emanate 
from the wire turn at once into the ground giving an electric field 
between line wire and ground, very much like the electric field 
between two line wires as shown in Fig. 8s. This electric field 
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immediately breaks up into two oppositely moving electric waves 
as explained in connection with Figs. 84 and 85. (See Figs. 12 
and 13.) 

Figure 107 shows the connections of a so-called multi-gap 
lightning arrester from a line wire to earth. Two such lightning 
arresters connected from two line wires to earth are equivalent to 


fin i ; 
e wire end of line 
to receiver 


or to generator 


~ 


to ground 


Fig. 107. 


a single multi-gap arrester connected between the lines. Such 
a lightning arrester automatically inserts a low resistance, or a 
high resistance between the line wires, or between each line wire 
and the earth, according as the energy to be dissipated is large 
or small.* The action of the multi-gap arrester may be under- 
stood from the following considerations. Consider a heavy short- 
circuit current due, for example, to the momentary arcing from 
line to line near the receiving station. When this arc is blown 
out by the upward current of air which is formed by the heat of 
the arc, the receiving end of the line is suddenly opened, and the 


*Tt is usually claimed for the multi-gap arrester that it automatically inserts a low 
resistance or a high resistance between the line wires according as the energy to be 
dissipated is magnetic energy (due to short-circuit current), or electric energy (due to 
static charge on the wires). This, however, is not exactly true. It is solely a mat- 
ter of the amount of energy per unit length of the line to be dissipated, although as a 
matter of fact the energy due to static charge of a transmission line can never reach 
anything near the value of the energy due to a heavy short-circuit current. See prob- 


lems in Appendix C. 
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tendency is for the voltage to rise to an excessive value as de- 
scribed in connection with Figs. 102 and 103. The moment the 
voltage rises slightly above normal line voltage, however, the air 
gaps I and 2, Fig. 107, on each arrester break down, and the 
line current tends to flow through the resistances A, of the two 
arresters. This resistance , is, however, fairly large, and the 
heavy line current in flowing through it leaves the voltage across 
the end of the line sufficiently large to break across the gaps 3 
and 4 of both arresters. The line current then flows through 
resistances RK, and A, in parallel (on both arresters). If the 
short-circuit current in the line is excessive, the voltage may still 
remain sufficiently high in value to break across the air gaps 5 
and 6, thus bring the resistance , (on both arresters) into 
parallel with A, and &,, and so on, until the resistance through 
which the short-circuit current flows is reduced to a value suf- 
ficiently small to prevent the break-down of any more of the 
spark gaps. 

32. Wave distortion and line losses.— The distortion of a water 
wave in a canal, as described in Art. 9, is due to the loss of 
energy by the friction of the moving water against the sides and 
bottom of the canal. Imagine, on the other hand, a canal brim- 
ful of water and imagine the water to be frictionless; then there 
would be wave distortion due to the loss of energy by leakage or 
spill; but if the loss of energy by friction were equal to the loss 
of energy by leakage then there would be no wave distortion. 
The phenomenon of wave distortion on a transmission line is 
analogous in every detail to wave distortion in a canal; so close, 
indeed, is the analogy, that wave distortion on a transmission line 
can be clearly understood from the discussion given in Art. 9 if 
one understands: (a2) that a pure electromagnetic wave on a 
transmission line consists of electric and magnetic fields traveling 
along together and mutually sustaining each other, (4) that the 
immediate effect of wire resistance is to cause a continual decay 
of the magnetic field in the wave, and (c) that the immediate 
effect of imperfect insulation between the transmission wires is to 
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cause a continual decay of the electric field in the wave. For 
the sake of brevity the energy ioss in the transmission wires due 
to their resistance is called the zzve oss, and the energy loss due 
to the imperfect insulation between the transmission wires is 
called the /eakage Joss. 

When an electric current is left to itself in a circuit of wire, the 
resistance of the wire causes the current to decay, and of course 
the magnetic field in the surrounding region dies away with the 
current. Consider the rotating ether cells in the region of the 
wave in Fig. 79; the slipping of the ether cells on each other 
within the material of the wires constitutes the electric current in 
the wires according to the conceptions developed in Art. 18, the 
resistance of the wires is a frictional opposition to this slipping, 
and this friction causes the rotatory motion of the cells to die away. 

When a charged condenser is left to itself with the charging 
battery disconnected, the slight electrical conductivity of the 
dielectric between the condenser plates causes the condenser to 
discharge slowly. This discharge consists of the slow decay of 
the electric stress (electric field) in the dielectric. The slow 
decay of electric field in an imperfectly insulating dielectric may 
be understood with the help of the discussion of Figs. 72, 73 and 
74; the distortion of the chain of cells in Fig. 73 is relieved 
by slipping of adjacent cells on each other anywhere, and in 
a slightly conducting dielectric the cells slip on each other 
everywhere. | 

The effect of wire resistance in causing a continual decay of 
magnetic field in an electromagnetic wave on a transmission line 
is analogous to the effect of friction in causing the decay of 
velocity of flow of the water in a water wave as it travels along a 
canal. The effect of line leakage in causing a continual decay 
of the electric field in an electromagnetic wave on a transmission 
line is analogous to the effect of overflow or spill in causing the 
reduction of elevation of a water wave as it travels along a canal. 

One effect of wire resistance and of line leakage is loss of 
energy, so that a given wave delivers less energy to the distant 
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end of a transmission line than it would if the wires were of zero 
resistance and perfectly insulated from each other. Another 
effect of wire resistance alone or of line leakage alone is to cause 
wave distortion in a manner exactly analogous to the distortion 
of water waves in a canal as fully explained in Art. 9. 

Wire-resistance and leakage-from-wire-to-wire of a transmission 
line are important to the telephone engineer for two reasons. In 
the first place both cause loss of energy and thus tend to reduce 
the loudness of the reproduced speech at the distant end of the 
line, and in the second place either alone tends to produce wave 
distortion and thus lessen the distinctness of the reproduced 
speech at the distant end of the line. 

Ratio of line losses to total energy of a pure wave ts independent 
of voltage and current. — From equation (76) it is evident that an 
increase of voltage in a pure electromagnetic wave involves a cor- 
responding increase of current in the wave,* and it is not possible 
to reduce the line losses relative to the amount of energy delivered 
by the wave to the distant end of the line by increasing the vol- 
tage of the alternator or other device which produces the waves. 
In this respect transmission by pure waves is very different from 
ordinary power transmission, where there is no fixed relation be- 
tween voltage and current. ; 

Consider a long wave like that shown in Fig. 77. The rate 
at which energy is lost in unit length of the line on account of 
line resistance is 2R,/° where A, is the resistance of unit length 
of one of the wires and / is the current in the wires where they 
bound the wave. The rate at which energy is lost in unit length 
of the line by leakage from wire to wire is equal to £?/R, where 
R, is the insulation resistance between the wires of unit length 
of the transmission line. To double the voltage in a pure wave 
involves the doubling of the current also, according to equation 
(74), and therefore the quadrupling of the total energy in the wave 
according to the same equation ; but the doubling of the voltage 


* That is to say, in the wires where they bound the wave. The expressions cur- 
rent ina wave and voltage in a wave are used for the sake of brevity. 
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quadruples the rate at which energy is lost by leakage (Z?/R), 
and the doubling of the current quadruples the rate at which 
energy is lost because of wire resistance (2”,/*). Therefore, if 
the voltage in a pure wave is doubled the current is also doubled, 
the total energy in the wave is quadrupled and the losses are 
quadrupled. The ratio of losses to the total energy depends 
only upon the capacity C and inductance Z per unit length of 
the line as explained below. 

Reduction of wire loss by loading.* — A transmission line of 
which the inductance is increased by the insertion of coils as 
indicated in Fig. 82 is called a loaded line. The effect of the 
loading of a transmission line (increase of L) is to decrease the 
value of the current for a given value of voltage according to 
equation (74). Suppose, for example, that the inductance of a 
line per unit length is quadrupled by loading. The value of the 
current / for a given value of voltage is halved according to 
equation (74), and the rate of loss of energy due to wire resist- 
ance (2X /*) is quartered. The quadrupling of the inductance, 
however, halves the velocity of progression according to equa- 
tion (9), so that the time required for the wave to traverse a given 
length of line is doubled; and therefore the loss of energy in the 
wires (the rate of which has been quartered) continues for twice 
as long a time. Consequently the actual loss of energy due to 
wire resistance during the passage over a line of a wave of given 
total energy is reduced to one half by the quadrupling of the 
inductance. 

The quadrupling of line inductance leaves the rate of loss of 
energy due to line leakage unchanged in value for a given value 
of voltage, but the loss continues for double the time on account 
of the reduced velocity of transmission. Therefore the total loss 
of energy by line leakage during the passage over a line of a 
wave of given total energy is doubled by quadrupling the line 
inductance. 


* To arrange a transmission line like Fig. 83 causes a decrease of leakage loss and 
an increase of wire loss relative to the total energy of a wave. <A very very poorly 
wnsulated Zelephone line would be improved by the arrangement shown in Fig. 83. 
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In a well-constructed telephone line the wire loss (2R,,/*) is 
very much greater than the leakage loss (£°/#,), and therefore 
the total loss of energy during the transmission of a wave may be 
reduced by loading the line. One advantage of the loading of 
a telephone line is this reduction of line loss and the consequent 
increase of energy efficiency of transmission. Another advantage 
is that the loading of a line in which the wire loss is greater than 
the leakage loss reduces the wave distortion as explained in the 
following paragraphs. 

The distortionless line. — When the resistance per unit length 
of a transmission line (counting both wires) is related to the leak- 
age resistance between unit length of the wires in such a way as 
to cause an equal decay of the magnetic and electric fields in a 
wave [so that }//° =} CE” at all times, see equation (70) ], then 
the wave travels along without distortion. Such a line is called 
a distortionless line. 

The rate at which energy is lost in unit length of the line by 
wire resistance is 2, /? and the rate at which energy is lost in 
unit length of the line by leakage is £’/X, as explained above. 
In order that the line may not distort an electromagnetic wave 
these two rates of loss must be equal to each other, that is, we 
must have 

Fe? 
Zhe) ae R, (i) 
but the ratio £?//? is equal to L/C according to equation (70) 


so that equation (i) gives 
I 


Jb 
Te R (10) 
This equation expresses the relation between the resistance KR, 
of unit length of one of the line wires, and the resistance R, be- 
tween unit lengths of the line wires, in order that the line may 
not distort an electric wave. 

In a well-constructed telephone line the wire resistance FR, is 
too large, relatively, to give distortionless transmission. Under 
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these conditions to increase Z by loading the line is advantageous, 
because, in the first place, it reduces the wire loss more than it 
increases the leakage loss as explained in the previous paragraph, 
and in the second place it makes the wire loss more nearly equal 
to the leakage loss so that the condition of distortionless trans- 
mission is approximately satisfied. 

When the wire resistance of a telephone line is very great, an 
increase of leakage loss may improve the transmission because 
the wire loss of energy is already very great and a considerable 
increase of leakage loss of energy may be negligible in compari- 
son, whereas the increase of leakage loss greatly lessens the 
wave distortion. Thus when iron wires were used in the early 
days of moderately long-distance telephone work it was frequently 
noticed that the transmitted speech was much more distinct dur- 
ing wet weather when the line insulation was poor than during 
dry weather when the line insulation was good. It is not desir- 
able, however, to improve the distinctness of telephone transmis- 
sion by increasing the leakage of the line because of the great 
decrease of loudness due to increased energy loss in the line, it 
is much better to increase the distinctness by lowering the line 
resistance (by using copper wires) and by loading the line, or by 
both. In this way the line losses are decreased and the distinct- 
ness is increased. * 

* A very interesting account of the influence of leakage on the attainable speed in 
submarine telegraphy is given by Heaviside on pages 417-428 of Electromagnetic 
Theory, Vol. 1, London, 1893. To understand this discussion of Heaviside’s the 
student should read pages 328-331 of Franklin and MacNutt’s Elements of Electricity 
and Magnetism. 

Heaviside mentions a case in which a leak on a submarine cable impaired the action, 
and another case in which a leak improved the action. In fact the action was impaired 
where a type of receiver was used which required for its operation a considerable 
amount of energy, and the action was improved where an extremely sensitive syphon 
recorder was used. In the former case the increased loss due to a leak was a serious 


matter, and in the latter case the increased loss was not a serious matter whereas the 
increased distinctness of the current pulses at the receiving end of the cable was a great 


help. 
One case in particular is mentioned by Heaviside which is especially interesting. 
A submarine cable had an old style receiver (presumably an ordinary relay and 


% 
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The canal analogue of the loaded telephone line. — Imagine a 
large number of very heavy and very thin boards placed like 
gates across a canal, as shown in Fig. 108, and imagine the boards 


still water moving water still water 


Fig. 108. 


to be movable like pistons along the canal but without friction. 
Those boards would add greatly to the inertia of the water so 
that a greatly reduced velocity of flow would represent a given 
amount of kinetic energy, but a given elevation of water between 
the boards (which are supposed to be very thin) would represent 
the same amount of potential energy as in the ‘“ unloaded”’ canal. 
Therefore, in a pure wave containing a given total amount of 
energy, the velocity of the water would be greatly reduced and 
the energy losses due to the friction of the water against the sides 
and bottom of the canal would be greatly lessened by “loading.” 

The water wave shown in Fig. 108 is like that shown in Fig. 
7, and the water level is represented as rising step-wise in the 
successive compartments in the front and back parts of the wave. 
An abrupt wave like that shown in Fig. 6 would be greatly 
modified in traveling along a “loaded” canal like Fig. 108 be- 
cause of the repeated partial reflection of the wave from the suc- 
cessive boards. 

The effect of the separation of the boards in Fig. 108 can be 
best stated by considering the transmission of a simple train of 
Morse recorder) at one end, and one of Lord Kelvin’s newly invented syphon re- 
corders at the other end, and a very bad leak developed in the cable. The result was 
that signals could not be transmitted at all to the relay and Morse recorder, whereas 


the syphon recorder received better than ever before, a slight increase of battery, only, 
being required. 
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waves as follows: If the wave length of the train is long com- 
pared with the distance between boards, the effect is sensibly the 
same as if the inertia of the boards were uniformly distributed 
throughout the water, whereas, if the wave length of the train is 
of the same order of magnitude as the distance between boards, 
local oscillations take place, and the energy of the wave train is 
rapidly dissipated. In fact, the arrangement shown in Fig. 108 
cannot transmit to any distance a wave train of which the half 
wave length (in the unloaded canal) is approximately equal to or 
less than the distance between the boards. 

The highest pitch tones that need be considered in the trans- 
mission of speech by the telephone are in the neighborhood of 
about 10,000 vibrations per second which corresponds to a wave 
length (on an unloaded line) of about 18 miles, and the distance 
between the inductance coils which are used for loading a tele- 
phone line must be small as compared with 18 miles.* 

* The mathematical theory of the loaded telephone line has been worked out in 
great detail by Professor M. I. Pupin. See 7ransactions American Institute of Elec- 
trical Engineers, Vol. XVII, pages 445-506, May 19, 1900. 

The theory of wave distortion in transmission lines and cables was first developed 
by Heaviside. The second half, pages 306-454, of Heaviside’s lectromagnetic 


Theory, Vol. 1 (London, 1893), is an extremely simple and interesting discussion of 
this subject. 
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33. Simple modes of oscillation of a transmission line (wre 
resistance and line leakage being neglected).—TVhe type of oscil- 
lation of a transmission line which is represented in Fig. 29 is 
perhaps the simplest kind of oscillation of which a transmission 
line is capable. In this type of transmission-line oscillation, 
however, the voltage between the wires at any given point is not 
a harmonically varying voltage, and the current in the wires at 
any given point is not a harmonically varying current ; in fact, 
the voltage and current curves in this case are rectangular or 
block-like curves. Notwithstanding the physical simplicity of 
the type of oscillation which is represented in Fig. 29 the most 
important mode of oscillation of a transmission line is that in 
which the current in the wires at each point and the voltage 
between the wires at each point are both simply harmonic, 
because such a type of oscillation is easily formulated math- 
ematically and because any other type of oscillation of a trans- 
mission line can be thought of as built up of a series of these 
harmonic modes of oscillation in accordance with Fourier’s 
theorem. When the current at every point in the wires and the 
voltage between the wires at every point of an oscillating transmis- 
sion line are harmonic, the transmission line ts said to oscillate in a 
simple mode. 

It is evident from the discussion of Fig. 29 that the oscillation 
of a transmission line involves wave motion back and forth along 
the line, and the discussion of simple modes of oscillation of a 
transmission line may be carried out with the greatest ease by 
considering the passage of a simple wave train (outgoing wave 
train) along the transmission line and its reflection (returning 
wave train) from the end of the transmission line. The super- 
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position of the outgoing and returning wave trains gives what is 
called a stationary or standing wave train, and such a stationary 
or standing wave train constitutes a simple mode of oscillation 
of the transmission line. The discussion of the simple modes of 
oscillation of stretched strings and air columns which is given in 
Art. 17 can be applied with a very slight modification in termin- 
ology to the simple modes of oscillation of a transmission line. 
Thus the period of the fundamental mode of oscillation of a 
transmission line is equal to the time required for an electromag- 
netic wave to travel from one end of the line to the other and 
back again, if the line is open at both ends or closed at both 
ends ; or it is equal to the time required for an electromagnetic 
wave to travel from one end of the line to the other and back 
again ¢zvice if the line is open at one end and closed at the other. 
Taking the frequency of the fundamental mode as unity, the fre- 
quencies of the successive higher modes are 2, 3, 4, 5, 6, etc., 
for a transmission line which is open or closed at both ends, and 
3, 5, 7, 9, etc., for a transmission line which is open at one end 
and closed at the other, as explained in Art. 17. 

The above statement as to the frequency of oscillation of the 
fundamental and higher modes of oscillation of a transmission 
line is based upon the assumption that the reflection takes place 
exactly at the end of the line. This is sensibly true when the 
wires of the transmission line are close together, but when the 
distance between the wires is large, the reflection * takes place, 
as it were, at a point beyond the actual end of the line. The 
result is that the distance from the open end of a transmission 
line to the first voltage node is slightly less than a quarter of a 
wave length, and the distance from the short-circuited end of a 
transmission line to the first current node is slightly less than 
a quarter of a wave length. 

A clear understanding of the simple oscillation of a transmis- 


* Indeed some of the wave energy is not reflected at all at the end of a transmis- 
sion line ; the end of the line gives out electromagnetic waves into the surrounding 
region in a manner analogous to the giving out of sound waves from the open end of 


an organ pipe. 
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sion line may be obtained by a careful study of Art. 17, it being 
kept in mind that an electromagnetic wave train is reflected from 
an open end of a transmission line with reversal of current phase 
but without reversal of voltage phase, and that such a wave train 
is reflected from the short-circuited end of a transmission line 
with reversal of voltage phase but without reversal of current 
phase. 

The actual distribution of current and the actual distribution of 
voltage in a standing wave train on a transmission line is shown 
in Fig. 109. This figure represents several vibrating segments 
in the middle portion of a long line. The upper part of the 
figure ABA’S’ represents the current distribution in the wires 
at the instant when the voltage between the wires is everywhere 
equal to zero, the value of the current at each point being repre- 
sented by the ordinate of sine curve 71. This current rapidly 
charges the wires (one wire positively and the other wire nega- 
tively) in the regions JV, and as the charges increase the cur- 
rent values decrease. The ordinate of the successive curves 71, 
22, 23, 24 and 75 _ represent the successive values of the current at 
each point in the line, and the ordinates of the successive curves 
el, €2, €3, e4 and ¢5 represent successive values of voltage across 
the line. The lower part of the figure CDC’D’ represents the 
distribution of electric field (voltage between the wires) at the in- 
stant when the current is everywhere equal to zero. The sine 
curves’ 21, 72, 73, €tc,, “and ¢i, ¢2,¢3, <tc, inehiom oo mens 
resent the successive current and voltage distributions during 
one quarter of a cycle, that is, from the instant when voltage 
is everywhere zero to the instant when current is everywhere 
zero. At the instant which is represented by curve e5 (when 
electric field is distributed as shown in diagram CDC’D’), cur- 
rent starts to flow at each point in the transmission line in the 
opposite direction to the currents shown in the diagram ABA’D’, 
and these currents grow until they reach values represented by 
the ordinates of the curve 79 at which instant the voltage is again 


everywhere zero. This reversed current then begins to produce 
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reversed charges in the regions JV, and after another quarter of 
a cycle these currents are reduced to zero, and the voltage dis- 
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tribution over the line is represented by ordinates of the curve 
e13. The electric field distribution corresponding to the curve 
¢13 then establishes currents in the line which grow to maximum 
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values, bringing the line back to its initial condition ABA’ BS’ 
after one complete oscillation. 

The actual distribution of electric current and magnetic field at 
the instants represented by curves 71 and zg are shown in 
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Figs. 110 and 112; and the actual distributions of electric charge 
and electric field at the instants represented by curves e5 and 
eé13 are shown in Figs. 111 and 113. 
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The portions of dotted sine curves in Fig. 114 show the current 
and voltage distributions over a transmission line, open at the dis- 
tant end, when the line is vibrating in its fundamental mode, the 
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vibrations being produced by the alternator A of proper fre- 
quency. When the current is everywhere zero, the voltages 
across the line are represented by the ordinates of one of the 
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dotted curves in the upper half of the figure ; and a quarter of a 
cycle later, when the voltage is everywhere zero, the currents in 
the wires are represented by the ordinates of one of the dotted 
curves in the lower half of the figure. 
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Fig, 113: 


The dotted sine curves in Fig. 115 represent voltage and cur- 
rent distributions over a transmission line when it is oscillating in 
its second mode, the oscillations being produced by the alternator 
A of proper frequency.* 


voltage node voltage antinode 


closed voltage distribution (fundamental mode) open 


current antinode current node 


closed current distribution (fundamental mode) open 


Fig. 114, 


An important problem in connection with transmission-line 
oscillation is to consider the character and violence of the oscilla- 
tions of a transmission line produced by an applied electromotive 

*The student should make diagrams similar to Figs. 110 and 111 showing voltage 


and current distributions for the first and second modes of oscillation of a transmission 


line closed at the distant end. 
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force of any specified frequency. If this frequency coincides with 
the frequency of one of the simple modes of oscillation of the 
transmission line, the violence of the oscillations will be very 


voltage node voltage antinede voltage node voltage antinode 


closed 


voltage distribution (second mode) ae 


current antinode current node 


current antinode current node 


closed current distribution (second mode) open 


Fig. 115. 


great if the line losses are small. In this case, indeed, the 
violence of the ultimate oscillations which are built up is limited 


only by the line losses. 


(©) alternator 


Fig. 116. 


When the frequency of the impressed electromotive force does 
not coincide with the frequency of one of the simple modes of 
oscillation of the line, the ultimate steady state of oscillation of 
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the line is determined as follows (line losses being ignored). 
Figures 116 and 117 represent the voltage distributions over a 


transmission line which is connected to an alternator, the distant 
end of the line being open; and Figs. 118 and 119 represent the 


Pigs liz. 


voltage distributions over a transmission line which is connected 
to an alternator, the distant end of the line being closed. The 
action which takes place during the time that the steady 
state of oscillation of the transmission line is being built up is 


Fig. 118. 


rather complicated and will not be considered. The ultimate 
state of oscillation of the line is a standing wave train of which 
the wave length 2% is equal to the distance traveled by an elec- 
tromagnetic wave during one complete cycle of the electromotive 
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force of the alternator; for example, if the alternator has a fre- 
quency of 10,000 cycles per second, > will be 186 miles. The 
voltage nodes (antinodes of current) of this stationary wave train 
are at 2, , m, etc., and the voltage antinodes (current nodes) 
are at the points a, a, a, etc. The voltage across the line at 
any point is an alternating voltage at the frequency of the alter- 
nator, and the effective value of the voltage across the line at any 
point is represented by the ordinate at that point of one of the sine 


curves, in Figs. 116 to 119. Let & be the effective (or maxi- 
mum) value of the voltage between wires at any voltage antinode 
a. Then the effective (or maximum) voltage between wires at a 
point distant « from any voltage node xz is & sin x/X. The 
condition which must be satisfied when the ultimate steady state 
of line oscillation is reached is that the distribution of voltage over 
the line (which is represented by the sine curves in Figs. 116 to 
119) should conform to or fit the alternator voltage at the gener- 
ator end. Therefore the ultimate state of line oscillation in Figs, 
116 to 11g is determined as follows: Beginning at the distant end 
of the line draw a series of sine curves (beginning at a maximum 
point in Figs. 116 and 117, and beginning on the axis in Figs. 
118 and 119) and determine the distance d which is left over at 
the generator end. Then the effective voltage E at one of the 
voltage antinodes when the line has reached its steady state of 
oscillation is determined by the equation 
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] 
Esin ~ = e 


where G is the effective (or maximum) value of the generator 
voltage. 

This analysis of the ultimate steady state of oscillation of a 
transmission line (on which the losses are assumed to be zero) 
produced by an impressed electromotive force of any specified 
frequency and value may be more clearly understood by out- 
lining the corresponding problem in the vibration of a string. 
This corresponding problem will not be given, however, in the 
exact analogous form which would be the finding of the ultimate 
steady state of oscillation of a string when the end is acted upon 
by a periodic force of specified frequency and value; a much 
simpler and equally suggestive problem will be given, namely: 
The end of a stretched string is moved to and fro sidewise at a 
specified frequency and through a specified amplitude, the motion 
being harmonic. Required the ultimate steady state of oscilla- 
tion of the string, ignoring friction. The ultimate steady state of 
oscillation of the string is a standing wave train of wave length 
X, where A is the distance traveled by a wave on the string 
during one complete cycle of the impressed motion of the end. 
Let D be the amplitude of motion of the string at an antinode. 
Then XD sin z/X is the amplitude of motion at any point, where 
ax is the distance of that point from anode. Lay offa series of 
half wave lengths from the fixed end of the string and determine 
the length @ which is left over as in Figs. 116-119. The 
amplitude of oscillation of the string at an antinode when the 
string reaches its ultimate steady state of oscillation is then 
determined by the equation 


oe 
D sit < 


where G is the given amplitude of oscillation of the end of the 
string. 

34. Experimental demonstration of stationary electric waves on 
a pair of straight wires. — The velocity of electromagnetic waves 
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on a plain transmission line is the same as the velocity of light, 
namely, 186,000 miles per second, and therefore it is necessary 
to use an alternating electromotive force of extremely high fre- 
quency if one is to produce a stationary wave train upon a plain 
transmission line of moderate length. The arrangement used by 
Lecher is shown in Fig. 120. Two flat plates of metal C and 


Figs 120. 


D, together with the rods y and the air gap g, constitute a 
Hertz oscillator which is excited from the induction coil /7; and 
C'D' are two auxiliary metal plates which are connected to the 
long pair of wires AL and A’S’. The repeated reversals of 
electric charge on the plates C and JY (produced by the elec- 
tric oscillations of the system CrgrD) induce reversals of charge 
upon the plates C’ and JD’ and set the pair of wires AB and 
A’B' ‘into oscillation. The voltage distribution over the “trans- 
mission line” ASA’! may be investigated by bridging a small 
vacuum tube across the line as shown at 7 in Fig. 120. When 
this vacuum tube is slid along the wires it shows no luminosity 
at or near the voltage nodes and it shows a maximum of lumi- 


ee 


Bigger. 


nosity at or near the voltage antinodes. The best form of 
vacuum tube for this purpose is shown in Fig. 121. The narrow 
portion of the tube should have a bore of about one millimeter 
and it should preferably be filled with the rare gas neon at a pres- 
sure of 2 or 3 millimeters of mercury. Such a vacuum tube 
glows with a bright orange-red light which is visible in broad 
daylight. If neon is not available the tube should be filled with 


Rigs 122; Fig. 123, 


rarefied carbon dioxide gas and the wails of the tube should be 
made of uranium glass which by its fluorescence intensifies the 


luminosity of the tube during discharge. 
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The open end BB’ of the “transmission line” in Fig. 120 is 
a voltage antinode, and usually a number of voltage nodes are 
found upon moving the vacuum tube 7 towards the end AA’ 
of the line. It is interesting to note in this connection that the 
frequency of the oscillations of the system CrgrD may be found 
by measuring the distance between adjacent voltage nodes on the 
“transmission line” ABA’S’, and considering that this is the 
distance traveled by an electromagnetic wave during one half of 
a complete oscillation. Thus, if the distance between adjacent 
voltage nodes is 3 feet, the total wave length is 6 feet, and one 
oscillation is the time required for an electromagnetic wave to 
travel over this distance, namely, 3.05 x10~° of a second, which 
corresponds to a frequency of 327,000,000 oscillations per 
second, 

Figures 122 and 123 show Seibt’s arrangement for demon- 
strating stationary wave trains on a pair of parallel wires. One 
of the “wires”? SS consists of a single layer of fine wire wound 
on a long wooden rod, and the other JWJV is avery fine bare 
wire stretched alongside of and parallel to SS. In Fig. 122 the 


”) 


upper end of the “transmission line” is open, that is, the long 
coil SS and the fine wire WW are insulated from each other 
at the upper end; and in Fig. 123 the upper end of the “ trans- 
mission line”’ is short-circuited, that is, the long coil SS and 
the fine wire WJV are connected at the upper end by a metal 
bar in Fig. 123. In order to produce a stationary wave train, the 


arrangement shown in Figs. 122 and 123 is connected as shown 


in Fig. 124. An induction coil // charges a condenser C 


Fig. 124, 


which discharges repeatedly across the air gap g and through 
the adjustable inductance 7. Fach discharge is oscillatory (fre- 
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quency equal to 1/27 ZC) and the terminals 77 are con- 
nected across the inductance as shown. 
Figure 122 shows the “ transmission line,’ 


d 


open at the upper 
end, oscillating in its fundamental mode, the voltage at and near 
the voltage antinode being sufficient to cause a brush discharge 
between the fine wire and the long coil SS, as shown by the white 
shading in the upper part of the figure. Figure 123 shows the 
”’ short-circuited at the upper end, oscillating 
in its fundamental mode, the voltage at and near the voltage anti- 


‘transmission line, 


node being sufficient to produce a brush discharge between the 
fine wire and the coil SS as shown by the white shading in the 
middle part of the figure. The object of using the fine bare wire 


d 


as one wire of the ‘‘transmission line’”’ is to facilitate the forma- 
tion of a brush discharge. The inductance and capacity of 
the ‘transmission line” in Figs. 122 and 123 is discussed in 


Appendix A. 


35. Clock-diagram models of, moving and of standing wave 
trains. — Let I be the maximum value of the harmonic alternat- 
ing current at a point on a transmis- 


wire _l, sion line and let E be the maximum 
; - value of the harmonic voltage across 
| the line at the point, positive direc- 


: Brey : 
ike acne tions being indicated by the arrows in 


os Ge Fig. 125. Let the instantaneous val- 
ues of current and voltage at the 


point on the line be represented by z and e. Then we may write: 
== si OF CEE) 
e = Esin (wf + @) (12) 


in which = 27f, where / is the frequency in cycles per 
second, and @ is the angular phase difference between e¢ and 2. 
When ¢ is ahead of 7 in phase the angle @ is to be considered 
as positive, and when ¢ is behind 7 in phase the angle @ is to 
be considered as negative. 


fe) 
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Consider the two lines OI and OE in Fig. 126 whose 
lengths represent the maximum values I and E to scale, and 
imagine these lines to rotate uniformly about the point O ata 
speed of f/ revolutions per second or @(= 27/) radians per 

second. Then the projections of OI 
pees and QE on the fixed line AZ repre- 
I sent at each instant the values of z and 

e respectively. The diagram, Fig. 126 
(which is imagined to be rotating), is 


1 
i} 
i) 
' 
i) 


called a clock diagram.* 


The clock diagram is the simplest 


-@ 7777" *"“"3caxig°” scheme for showing the essential de- 
tails of any problem in alternating cur- 
B rents when voltage and current are har- 


Fig. 126. i 
monic, and one reason why the clock 


diagram method is so simple is that #7e does not enter explicitly 
into it but is taken care of by the assumed rotation of the clock 
diagram. It is therefore to be expected that the simplest algebraic 
formulation of any alternating-current problem, when voltage and 
current are harmonic, is that which formulates the geometrical 
relationships of the clock diagram and which does not involve 
explicitly any consideration of elapsed time. Thus let 7, be the 
a-component and 7, the y-component of the vector OI in Fig. 
126, and let e, and e¢,, be the + and y-components respec- 
tively of the vector OE. Then we may write 


[= am ales (13) 
E=e, en (14) 


in which 7= Y—1. These expressions for the clock-diagram 
vectors / and ZF constitute the basis of the use of complex 


* The student is supposed to be familiar with the methods of representing sums 
and differences of harmonic currents (or voltages) by vector sums and vector differ- 
ences of current (or voltage) lines in the clock-diagram. See pages 53-57 of Frank- 
lin and Esty’s Elements of Electrical Engineering, Vol. 11, The Macmillan Co., 
1908. 
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quantity in alternating-current theory.* A clock-diagram vector 
must represent the maximum value of current or voltage if its 
projection is to represent the actual instantaneous value 7 or e. 
It is usual, however, to represent effective values of current and 
voltage by clock-diagram vectors.t Jn all the following discus- 
ston effective values I and E are understood to be represented 
by clock-diagram vectors. 

Clock-diagram model of moving wave train. —The parallel lines 
in the upper part of Fig. 127 represent a portion of a transmission 


transmission line AG p 
° . ' : 
direction of progression } direction of 
' ' A 
5 Hag ot Al clock-diagram rotation 
of wave-train gee: ze 
17 a A! 
“4—current and voltage \ 
VI % ' 
q helix - 
4, 


side view of clock-diagram model end view of model 
Fig. 127. 


line; AB represents a long cylinder of wood with equidistant 
radial rods (arrows) set into it in a helical row ; the cylinder with 
its attached arrows is supposed to be rotating at a speed of / 
revolutions (= 27f radians) per second in a counter-clock-wise 
direction as seen from the end #4; and the projections on the 
plane of the paper of the attached arrows represent the values at 


*See pages 88-97, Franklin and Esty’s Zvements of Electrical Engineering, 


Vol. Il. 
+ See page 62, Franklin and Esty’s Evements of Electrical Engineering, Vol. XI. 
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the various points of the transmission line of the alternating cur- 
rent z which is associated with a simple wave train of electro- 
magnetic waves moving along the transmission line from left to 
right. In a moving wave train z and e are in phase with each 
other everywhere so that the projections of the radial arrows in 
Fig. 127 represent the values of e as well as the values of z. 
We have chosen to consider both z and e positive (or both 
negative) in an electromagnetic wave moving to the right along 
the transmission line in Fig. 127. Therefore, in an electromag- 
netic wave moving to the left, the current and voltage must every- 
where be opposite in sign, that is, wherever the one is positive 
the other must be negative. Thus the projections upon the plane 
of the paper of the numbered arrows in Fig. 128 represent the 


transmission line 


‘ 
° * y, Y H 
direction of progression ' direction of 
clock-diagram rotation 


of wave-train eee 


iti] ! 
ell volt et 
16 helix OK E 4 : 2 a 
Ue i in eye 
1 
i] 


helix 


side view of clock-diagram model end view of model 
Fig. 128. 


instantaneous values at the various points of a transmission line 
of the alternating currents ¢ which are associated with a simple 
wave train moving from right to left, and the projections of the 
lettered arrows represent the instantaneous values of the alter- 
nating voltage e. 
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Clock-diagram model of standing wave train. — Figure 130 
shows two sine curves in planes at right angles to each other, and 
Piepondinates 21672573, 1.61; 62, 63)... etc., of these sine 
curves are clock-diagram vectors which represent * the values at 


transmission line a ia Ee 
| en 


advancing wave-train 
(numbered vectors) 


: direction of 
' clock-diagram rotation 
1 


reflected wave-train 
(lettered vectors) 


side view end view 
Fig. 129. 


the various points along a transmission line of the alternating 
current z and of the alternating voltage e which are associated 
with a standing wave train. The clock-diagram model Fig. 130 
may be derived from Figs. 127 and 128 by considering that a 
standing wave train is the superposition of two oppositely moving 
wave trains of equal amplitudes. Let us first consider the volt- 
age distribution in a standing wave train with the help of Fig. 129, 
in which the numbered arrows constitute the voltage helix from 
Fig. 127 (that is, the numbered arrows in Fig. 129 represent the 
voltages in a wave train moving to the right), and the lettered 

*It is convenient to speak of the vectors in a clock diagram, OZ and OZ in 
Fig, 126 for example, as representing an alternating current and an alternating volt- 


age respectively, although of course it is the projections ¢ and e of the vectors OI 
and OE which represent the current and voltage. 
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arrows constitute the voltage helix from Fig. 128 (that is, the 
lettered arrows in Fig. 129 represent the voltages in a wave train 
moving to the left). The voltage at each point in a standing 
wave is the sum of the voltages at that point in the two oppositely 
moving wave trains, and it is represented therefore by a clock- 
diagram line which is the vector sum of the clock-diagram lines 
which represent the voltages in the respective moving trains. 
Now the vector sum of arrows I and a@ in Fig. 129 is evidently 


short-circuited 


end 
Ta TTR OEP EMETYTD, 
| TUR ae ATAU qT ft] Pap= Ly 
|,! Sad BALA TL ll it , 
i fs Ail Maal UALUIDe \/) axis of 


/ UY YW h 


Y Y 
TIS 


direction of clock-diagram 


> iu_. ———sa\—X— 
D Cc B A rotation 
Fig. 130. 


zero, the vector sum of arrows 2 and @ in Fig. 129 is the arrow 
e2 in Fig. 130, the vector sum of arrows 3 and ¢ in Fig. 129 
is the arrow ¢3 in Fig. 130, and so on. 

Let us now consider the current distribution in a standing 
wave train with the help of the current helices in Figs. 127 and 
128. The vector sum of arrows No. 1 in Figs. 127 and 128 is 
the arrow zI in Fig. 130, the vector sum of arrows No. 2 in Figs. 
127 and 128 is the arrow 22 in Fig. 130, the vector sum of arrows 
No. 3 in Figs. 127 and 128 is the arrow 23 in Fig. 130, and so on. 


36. Reflection of simple wave trains. — Before proceeding to the 
discussion of the influence of line resistance and line leakage upon 
electromagnetic wave motion on a transmission line, it is desirable 
to consider more in detail the reflection of simple wave trains from 
the end of the line. The reflection of a simple wave train from 
the short-circuited end of a line gives a standing wave train with 
a voltage node and a current antinode at the end of the line. 
Figure 130 is the clock-diagram model referring to this case. 
The reflection of a simple wave train from the open end of a 
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line gives a standing wave train with a voltage antinode and 
a current node at the end of the line. If one quarter of a wave 
length (A/4) of the end of the model in Fig. 130 were cut off, 
what remained would be a clock-diagram model representing the 
stationary wave train which is produced by the reflection of a 
simple wave train from the open end of a transmission line. 
Reflection of a simple wave train from an inductive receiving cir- 
cuit of negligible resistance. — In this case no energy is absorbed. 
by the receiving circuit after the steady state is reached, and there- 
fore the reflected wave train is of the same intensity as the original 
advancing wave train. The result is the production of a standing 
wave train. The clock-diagram model of Fig. 130 represents the 
state of affairs on the line, the only thing to be determined being 
how much of the end of the model must be cut off. Let I be the 
current and £ the voltage in the original advancing wave train. 


Then 
4LP’ = 4 (CM (i) 


according to equation (74), where Z is the inductance of the line 
per unit length and C is the capacity of the line per unit length. 
The length of the current vector 21 in Fig. 130 is 2/, and the 
length of the voltage vector e5 in Fig. 130 is 24, as is evident 
from the mode of derivation of Fig. 130 from Figs. 127 and 128. 
Consider a point at a distance ¢ from the end of the clock-dia- 
gram model of Fig. 130. The length of the current vector (in 
the vertical plane) at the point ¢ is 2/cos 27z/X* and the length 
of the voltage vector (in the horizontal plane) at the point = is 
2E sin 2972z/d. Therefore the ratio of the voltage vector to the 


current vector at the point z is 


tan —— (it) 


* The sine curves of Fig. 130 pass through a complete cycle from 20 to z=/; 
therefore the distance A corresponds to a whole circumference or 2 radians, and the 


distance z corresponds to 2/A >< 27 radians. 
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and throughout the region z= 0 to z=A/4 in Fig. 130 the 
voltage is 90° ahead of the current in phase. 

Let Y be the reactance of the receiving circuit, then effective 
voltage divided by effective current at the end of the line must be 
equal to XY, and the voltage must be 90° ahead of the current 
in phase* because the voltage at the end of the line is the voltage 
which acts on the receiving circuit and the current at the end of 
the line is the current which enters the receiving circuit. There- 
fore, from equation (i) we have 


E 21 ae 
T tan l= KE (iii) 


and solving this equation for z we have 


r ' Rea TL : 

z= x angle whose tangent is 7 (iv) 
but the ratio //Z is equal to VY C/L according to equation (i) 
whence equation (iv) becomes 


x angle whose tangent is YY C/L (v) 


which is the length is to be cut off the end of the clock- 
diagram model of Fig. 130 in order that the model may correctly 
represent the standing wave train which is produced by the re- 
flection of a simple train of electromagnetic waves from the given 
receiving circuit. Thus, if XY is zero we have a short-circuited 
end and z=0; if ‘ is indefinitely large, = 2/4, and the 
reflection is of the same character as that which takes place at 
the open end of a line. 

When XY Cpe is equal to unity, that is, when the reactance of 
the receiving circuit is equal to VO then "= \/S—alne 


clock-diagram lines at the end of the transmission line in this case 
(at a point distant 4/8 from the end of the model in Fig. 130) 


* See pages 68-71 of Franklin and Esty’s Elements of Electrical Engineering, 
Vol. Il. 
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are shown in Fig. 131. The two vectors A represent current 


and voltage at end of line due to the original advancing wave 
train, the two vectors RK and A’ represent current and voltage 
at end of line due to the reflected wave train, and the two vectors 


S and SS’ represent the actual resultant current and voltage of 


the standing wave train at the end of the line. It is interesting 


resultant current 


i3 from Fig. 130 


Fig. 131. 


to note that the reflection which is represented in Fig. 131 (when 
xX = VilC) retards the current phase by go° (OA to OR) 
and advances the voltage phase by g0° (OA to OK’). 

When the receiver at the end of a line is a condenser, the 
reflection is such as to be represented by the clock-diagram model 
of Fig. 130 with a length of more than 2/4 and less than 2/2 
cut off the end, according to the capacity of the condenser. 

Reflection of a simple wave train from a non-inductive receiver 


of given resistance. —If the resistance of the receiver is equal to 
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VL/C no reflection takes place as explained in Art. 28. If the 
resistance of the receiver is greater than YL/C, a portion (a) 
of the advancing wave train is absorbed, and the remainder (7) 
is reflected with reversal of current phase; and the current and 
voltage distribution over the transmission line is the sum of two 
distributions, namely, (1) the distribution corresponding to the 
absorbed part (a) of the original advancing wave train and (2) 


the distribution corresponding to a standing wave train made up 
of the reflected wave train and the portion (7) of the original 
advancing wave train. If the resistance of the receiver is less 
than VYZ/C, a portion (a) of the advancing wave train is 
absorbed, and the remainder (7) is reflected with reversal of 
voltage phase; and the current and voltage distribution over the 
line is the sum of two distributions as before.* 

Reflection of a simple wave train from a receiving circuit of given 
resistance R and given reactance X,—¥From equation (70) we 


have 
if WE 


Cater (vi) 


where / isthe currentand £ the voltage in any traveling wave, 
£ is the inductance of the line per unit length, and C is the 
capacity of the line per unit length. Therefore 7 and £ in any 
traveling wave may be represented by clock-diagram vectors of 
the same length if current be represented to the scale AV C am- 
peres per inch and voltage to the scale 2/Z volts per inch, & 
being any constant. Let /, and 4, be the current in and the 
voltage across the given receiving circuit. Then 


Vie ee 


0a 
Ih 


is known and 


Pol Ay 


ein (o) 


* This matter is illustrated by problems in Appendix C. 
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is known,* where @ is the angular lag of /, behind £, in phase. 
Draw the line O£,, Fig. 132, of any arbitrary length, and draw 
the line O/, making it VZ/C/W/R? + X? times as longas O£,. 
Draw the line £,/, and bisect itat f. Then the line Op repre- 
sents the current (scale £Y C amperes per inch) and it also rep- 


resents the voltage (scale AVL volts per inch) in the original ad- 
vancing wave train ; and, inasmuch as the original advancing wave 
train must be given, it is evident that % may be found. Then the 
line pZ, represents the voltage in the reflected wave train (scale 
kV L volts per inch) and the line pf, represents the current in 
the reflected wave train (scale 2’ C amperes per inch).+ Having 
given the resistance and reactance 
of the receiving circuit, the line 
constants LZ and C, the wave 
length >» of the original advan- 
cing wave train, and the current 
and voltage values in the original 


advancing wave train, the resul- g 


Fig. 132. 


tant current and voltage vectors 
at a point on the transmission line at a given distance z from the 
end of the line may be found as follows: Having constructed the 
diagram, Fig. 132, turn the vectors /’ and #&’ in a counter- 
clockwise direction through the angle 2772/4, turn the vectors 
I” and £” ina clockwise direction through the angle 272/A, 
and take the resultant of the two current vectors and the result- 
ant of the two voltage vectors so found. To understand why 
one should turn /’ and #’ in a counter-clockwise direction, 
look at end B of the clock-diagram model, Fig. 127, and con- 
sider the angle between arrow 1a and the arrow distant z from 


*See pages 66-71 of Franklin and Esty’s Llements of Electrical Engineering, 


Vol. II. 

+ It needs no argument to make the truth of Fig. 132 evident, /’ and £7 must 
be equal (in length) and in the same direction, //” and £/’ must be equal (in 
length) and opposite in direction, /, must be the vector sum of / and 7%, and 
£, must be the vector sum of £7” mC 
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the end of the model. To understand the turning of 7’ and £”, 
look at end B of the clock-diagram model, Fig. 128. 

37. Algebraic formulas for simple wave trains. — Before taking 
up the discussion of wave motion on a transmission line where 
wire resistance and line leakage are not negligible, it is desirable 
to establish the algebraic formulas for simple wave trains * on a 
transmission line of negligible resistance and leakage. The most 
useful + algebraic formulation is that which expresses by the use 
of complex quantity the geometrical relations in the clock-diagram 
models of Figs. 127 and 128, lapse of time being omitted from 
the equations and left to the imagination as the assumed rotation 
of the clock-diagram model. 

Consider a vector J/ in the clock diagram. The product, 
le? = [(cos 6 + jsin @), is a vector of the same length as / but 


aie or E;) 
RNz 
= 
eae nen ees 
Icos@ 
Fig. 133. Fig. 134, 


turned through the angle @ in a counter-clockwise direction, 
where € is the Naperian base and 7= Y—1._ This is evident 
from Fig. 133.{ Let Fig. 134 represent the clock-diagram model 


* A simple wave train cannot exist on a line having appreciable wire resistance or 
leakage. 

} The formulation which corresponds to equations (11) and (12) where the time 
enters explicitly is as follows : 


i=Isin ar (5-7) e=Esin an (5 — =) 
a i A T 


where 4 is the wave length of the wave train, Z is the periodic time of the wave 
train, z is the distance measured along the axis of progression from a chosen origin 
to any given point of the wave train, and ¢ is elapsed time. 

tSee pages 88-97, Franklin and Esty’s Llements of Electrical Engineering, 
Vol. II. 
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of Fig. 127 as seen from the end #; the vertical arrow is the 
same as the vertical arrow in Fig. 127 and it is the clock-diagram 
vector which represents the current (or voltage) at the point p 
of the transmission line. Ata point f’ distant z from / the 
clock-diagram vector is the arrow 8c in Fig. 134, and, repre- 
senting the vector Br, (or Ba) by J! (or by Z&,’), we have 


Palle x (15) 
and 


Fl= Ele x } (16) 


where /’ isthe current vector and £’ is the voltage vector at the 

point f’ on the transmission line as shown in Fig. 127. Figure 

127 represents a simple wave train traveling to the right (in the 

direction of decreasing z), and equations (15) and (16) represent 

a simple wave train traveling in the negative direction along the 

g-axis (direction of decreasing ). A simple wave train traveling 

in the positive direction along the z-axis (as represented by the 
clock-diagram model of Fig. 128) is given by 

Be ene 

Teen feu S (152) 

EV if eX. (16a) 

38. Harmonic decaying waves on a transmission line having 

appreciable resistance and leakage. — Consider a point on a trans- 


generator I+Al oe He receiver 
le 
Beas | eee sees Ds OSE EE s 
as 
end ee T end 
Fig. 135. 


mission line at a distance z from the receiver end, as indicated 
in Fig 135. Let Z (a clock-diagram vector) be the current in 
the line at the point, and let / (a clock-diagram vector) be the 
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voltage across the line at the point. The arrows in Fig. 135 
represent postive directions of current and voltage. 

Consider an element of the transmission line of length Az, 
and let /+ A/ and &£+ AE be the current and voltage at the 
end of the element, as shown in Fig. 135. Let A be the 
resistance, counting both wires,* of unit length of the line; then 
R-Az isthe resistance of the element Az. Let X be the react- 
ance of unit length of the line (equals 27/Z where / is the 
wave frequency and JZ is the inductance of the line per unit 
length). Then A/-Az is the loss of voltage in the element due 


0 


Fig. 136. Fig. 137. 


to resistance, and this loss is in phase with (parallel to) J as 
shown in Fig. 136; and X/-Az is the loss of voltage in the 
element due to reactance, and this loss, being go° ahead of J 
in phase as shown in Fig. 136, is properly expressed algebraically 
as 7-X/-Az. Therefore the total voltage loss in the element 
Az is AE=(R/+7X/)Az whence 


ie = (RIX) (17) 


Let C be the capacity of unit length of line, then £/(1/27fC) 
is the current which charges unit length of line, and it is go° 
ahead of £& in phase.t Therefore, writing K for 2a/C, and 


*In equation (10) 22 is the resistance of both wires of unit length of the trans- 
mission line. 

{See pages 66-68, Franklin and Esty’s Elements of Electrical Engineering, 
Vol. II. 


TRANSMISSION LINE OSCILLATION. 143 


multiplying by As, we have an expression for the charging 
current of the element, namely, AZ-Az; and inasmuch as this 
charging current is 90° ahead of £ in phase it is properly 
written 7-KE-Az. Let 1/4 be the insulation resistance of 
unit length of the line, then the resistance between the wires 
of the element Az is 1/N x 1/Az; dividing Z by this resist- 
ance we have the leakage current M£-Az across the line ele- 
ment Az, and this leakage current is in phase with (parallel to) 
£. The total difference between the current which enters the 
element Az from the left, namely, 7+ A/, and the current 
which flows out of the element Az to the right is 


NE: Az + 7KE: Az 
‘ and this is equal to A/. Therefore 


al : 
Differentiating equations (17) and (18) with respect to z we 
have i 
aE : 
dz (Rk Ey) az 
a eh ak 
ad : 
pee il) ie 


whence, using the values of d//dz and dE/dz from equations 
(17) and (18) we have 


Oe 


Ge = (RAILYN+IK)E (19) 
and 

a’*l : : 

a = (Rk +7X\(N +7K)L (20) 


Let us consider equation (20) which determines the distribution 
of current over a line having resistance and leakage, and for the 
sake of brevity let us write : - 


(a +8)? =(R +5X)(V 45K) (21) 
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from which by separating real and imaginary parts we have 


a= + VER + XN + KY + HRN XK) (22) 


and 


b= + VER + XN? + KVP RN XK) (23) 


in which # is the resistance of both wires in unit length of line, 
X isequalto 27 x frequency x inductance of unit length of line, 
1/N is the insulation resistance between the wires of unit length 
of line, and K is equal to 27 x frequency x capacity of unit 
length of line. 

Two particular solutions of equation (20) are 


HH? = Dh eetIee and II Cont 


in which e¢ is the Naperian base; or, separating the exponentials 
into two factors, we have 
ie eee es (24) 
and 
['' — Lege 4 e JBz (25) 


in which // and //’ are undetermined constants of integration. 
The complete significance of equation (24) is shown by the clock- 
diagram model, Fig. 138, and the complete significance of equa- 
tion (25) is shown by the clock-diagram model, Fig. 139. When 
%=0we have /=/, in both equations (24) and (25); that is 
to say, the constant of integration is in each case the current 
vector at the origin of coordinates (the point on the line from 
which z is measured). At the point g on the line at a dis- 
tance z from the origin, as shown in Fig. 138, the /ength of the 
current vector is /,’e* and the factor e/®* [see equation (24)] 
signifies the turning of the current vector through the angle Bz 
in the counter-clockwise direction (see end view in Fig. 138) 
starting from the direction of the current vector J,’ at the origin. 
The clock-diagram model, Fig. 138, is a left-handed helix of which 
the /ength of the radius is /,’e** as indicated by the ordinates of 
the curve CC, and, as this helix rotates f revolutions per sec- 
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ond, it represents the current values in a decaying wave train 
traveling from left to right in the figure. The clock-diagram 


direction of 
clock-diagram rotation 
end view 


Fig. 138. 


side view 


direction of progression 


model, Fig. 139, is a right-handed logarithmic helix, and, as it 
rotates / revolutions per second, it represents the current values 
in a decaying wave train traveling from right to left in the figure. 


II 
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In Fig. 127, which represents a simple wave train traveling 
from left to right, current and voltage vectors are at each point 
coincident in direction ; and in Fig. 128 current and voltage vec- 
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tors are at each point opposite in direction. This zs not the case 
in Figs. 138 and 139. To find expressions for voltage, differen- 
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tiate equations (24) and (25) with respect to z and make use of 
equation (18). We thus find: 


a+ 
dpe = —__.. J! 
N+ 7K 25) 
and 
Peel, CRI py 


Therefore the voltage vectors 4’ in the clock diagram, Fig. 
138, are all ahead of the current vectors /’ by the phase angle 


go, where 
VS — Ka, 
IN ea ae e, 


and the voltage vectors £’’ in Fig. 139 are ahead of the current 
vectors /’’ by the phase angle 180° + ¢. The expression for 


tang is zero when the line losses are zero and also when the 
condition of distortionless wave transmission is satisfied (see 


wArts (32): 
Furthermore, from equations (26) and (27) we have: 
El [! 
a+ 78 aes Gis 
and 
El! ["' 
a4 j8~ —N45K 
whence 


numerical value of 4’ numerical value of /’ 


(ey == (NF + kK?) (29) 


and 
numerical value of “”’ numerical value of /’” 


G+ B°)! = (Cee Kt (30) 

Therefore, if currents be represented in the clock diagram to 
the scale #VN*+ K? amperes per inch, and if voltages be 
represented to the scale kV + 6? volts per inch, then the 
lengths of 4’ and £” are at each point (each value of ¢ in 
Figs. 138 and 139) equal to the lengths of /’ and /’’ respec- 


tively, # being any constant. 
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Wave length and velocity of a decaying wave train. —The wave 
length in Fig. 138 is the distance between any two current 
vectors for which the angle 8z is equal to 27. Therefore plac- 


ing BX=27 we have 
2 


aes (31) 


The question as to the velocity of a decaying wave train is rather 
complicated unless we define the velocity as the wave length » 
divided by the period (1//) of the wave train giving 


= a (32) 


As a matter of fact it is not possible to assign a definite physical 
velocity to waves on a transmission line having resistance and 
leakage, except when the condition of distortionless transmission 
is satisfied. 

Logarithmic decrement of a decaying wave train. — The lengths 
of the successive arrows in Fig. 138 constitute a geometric 
series, and the ratio of lengths of two arrows one wave length 
apart is found by substituting z= 27/f in the expression e* 
ra/8, and the natural logarithm of this ratio is 27a/B. 

39. Voltage drop on a long transmission line. — The current 
and voltage on any alternating-current transmission line (genera- 


9 


giving € 


tor and receiver voltages and currents assumed to be harmonic) 
consists of the superposition of a decaying wave train of current 
and voltage [/’ and £’ of equations (24) and (26)] traveling 
out from the generator, and a decaying wave train of current and 
voltage [/’ and £”’ of equations (25) and (27)] reflected by 
the receiver and traveling back towards the generator end of the 
line. Following is an outline of the application of equations (22) 
to (30) to the exact calculation of voltage drop and power loss 
on a transmission line.* This outline refers to the graphical 
solution of the problem ; the analytical solution using complex 
quantities follows exactly the same steps as the graphical solution. 


* Engineers always use approximate methods for these calculations. 
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A receiver circuit of known power factor (cos 0) takes a specified 
amount of current 1, at a specified terminal voltage E, and at a 
given frequency from a transmission line of which the constants R, 
AX, N and K are known. It ts required to find the voltage and 
current at the generator terminals of the line and the power losses 
mm the line, 

Represent voltages in the clock diagram to the scale 2Y a? + 8? 
volts per inch, and represent currents to the scale kV V? + K? 
amperes per inch, where £ is any arbitrary constant, as explained 
in connection with equations (29) and (30). Represent the given 
values of /, and /, at receiver to the chosen scales, making the 
angle between £, and /, equal to (@ — ¢)* as shown in Fig. 140 


Fig. 140. 5 Fig. 141. 


(or in Figs. 142, 144 or 146). Bisect the line £,/, at the point 
p, draw the arrows Of, p&, and p/, and then rotate the tri- 
angle Op, through the angle ¢ as shown in Fig. 141 (or in 
Figs. 143, 145 or 147) thus giving the correct clock diagram . 
Fig. 141 (or Figs. 143, 145 or 147). In this clock diagram the 
vectors £,' and /,’ represent at the receiver end of the line the 
voltage and current which are associated with the decaying wave 
train coming from the generator, and the vectors 4,’ and /,/’ 
represent at the receiver end of the line the voltage and current 
which are associated with the decaying wave train which is re- 
* Figures 140 and 141 are constructed on the assumption that @ and @ are both 
positive ; that is, on the assumption that Z, is ahead of / in phase and that the ex- 
pression equation (28) is positive; Figs. 142 and 143 are constructed on the assump- 


tion that @ is negative and @ positive ; that is, on the assumption that / is ahead of 
£, in phase and that the expression equation (28) is positive ; and so on. 


150 ELECTRIC WAVES. 


flected by the receiver. To find the vectors which represent 
voltage and current at the generator, turn 4,’ and /,’ in a 
counter-clockwise direction through the angle §/ radians, and 
multiply the length of each by ¢*', where / is the length of the 
transmission line; and turn £,/’ and J.” ina clockwise direction 
through the angle @/ radians and multiply the length of each by 
e*’, We thus find the vectors &’, 2’, &/’ and //” which rep- 
resent at the generator end of the the ne Seat, and voltages 
which are associated with the respective decaying wave trains. 


Fig. 142. Fig. 143. 


Then the resultant of 2’ and £/”” is the clock-diagram vector E, 
which represents the total actual voltage across the generator ter- 
minals, and the resultant of 7’ and /” is the vector 7 which 
represents the current denercd by te generator. The differ- 
ence between the numerical values of 4, and F, is the required 
voltage drop in the line, and the difference between the generator 
output of power (Z,/, x cosine of phase difference between £ 
and /) and the power delivered to the receiver (£,/, x cosine 
of phase difference between £, and /,) is the power lost in the 
line. 

This graphical solution is not capable of the precision that is 
necessary to justify the use of this rigorous method of line calcu- 
lation, and the outline of the graphical method is given in order 
that the successive steps of the following analytical solution may 
be understood. In this analytical solution the current vector if. 
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at the receiver end is chosen as the reference axis of phases so 
that /, is its own 1-component, or, in other words, /, is wholly 
real. The arbitrary factor % in the above discussion permits of 
a convenient sized drawing to be made; this factor may be taken 
equal to unity in the following discussion. 

The length of the line OZ, in Fig. 140 is 4,/(V? + K?)}, and 
the complex expression for the line OZ, is £,/(a’?+/")!x 4-9), 

The lines £4,’ and J! in Fig. 140 are both equal to half the 
vector sum of the lines O/, and QO#,; in order to turn the line 
£ into its proper position as shown in Fig. 141 it must be 
multiplied by ¢/*®; and the lines 4,’ and J,’ so found must be 
multiplied by Yo?+ 6? and YN*?+4 K® respectively to give 
the correct expressions for £,’ and // in volts and amperes. 
Therefore 
(o? =F *)} A ef¢ ( ) 
N? 4K 33 


Ey = Ee +s, ( 
and 
(V? 4+ K?)s 


(a? + 6”)! Ca (34) 


ipa Romins Us 


0 


The line Z,/’ in Fig. 140 is equal to half the vector difference 


Fig. 144. 


OE,—O/,, and the line /,” is equal to half the vector differ- 
ence O/,— OZ£,; in order to turn the line £,” into its proper 
position as shown in Fig. 141 it must be multiplied by e/?; and 


the lines 7” and //’ so found must be multiplied by Vee 
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and N24 K®? respectively to give the correct expressions for 
EJ’ and JJ’ in volts and amperes. Therefore 


(one ae 
Be i 4Ze" = LI, : We a Ki eid (35) 
and : 
N?+ RK) 
If = My — By apt te (36) 


Couture sand / Ss in'a counter-clockwise direction through 
the angle @/ we must multiply both by e¢/*’, and when so 


Fig. 146. Fig. 147. 


turned they must both be multiplied by e” to give #’ and /’. 
Therefore 


iD = £Eclats8 +90 a i 


a? + 8) cee 
12. om 7 a » Eat IB Ib (37) 


and 


NV? + K)s pai 
ih _ 4 [,efatien ati, LE, : ? fe * « E(AtIB I+j(0—-) (38) 
Toturn 4” and /,” ina clockwise direction through the angle 
Bl we must multiply both by e~®’, and when so turned they 
must be multiplied by e to give #”” and /’’. Therefore 


a a? + pi ae 
El! = LB otseysie _ 47. An = a » E—(atIB +56 


(39) 
and 


Lome (NV? + K*)} 
Ly = ble Ee (a? + ay 
Whence, adding £,’ and fa torset £, and adding Z’ and 
Ty’ to get J, we find : 


« @— (at 5B I+5(0—$) (40) 
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E, = EE ei0(eots8 4. e-(atia ) 


g 
2 2) I 
ba Caves gay eet ee deg oe 
and 
if =} L(€(otiey!  e-(o+i8)) 
2 2\} 
+42: na tam - @40-8)(e(at48)! — ¢~(a+i8)) (42) 


To find the numerical values of £, and /, separate the expres- 
sions of equations (41) and (42) each into real and imaginary 
components and take the square root of the sum of the squares 
and to find the power delivered by the 


of the components ; * 


generator multiply z-component of £, by +-component of J, 
and multiply y-component of £, by y-component of /; and 
take the sum of the two products with due regard to algebraic 
signs. f 


* Thus the square root of the sum of the squares of the components which are given 
in equation (13) is 7/ 72,2 -+ 2,,2; that is to say, the factor 7 which marks the y-com- 
ponent is not a part thereof, the y-component is 7, not 77). 

{See page 95, Franklin and Esty’s Lvements of Electrical Engineering, Vol. II. 


CHAPEL: 


GENERAL EQUATIONS OF THE ELECTROMAGNETIC FIELD. 
FREE ELECTROMAGNETIC WAVES. 


40. Need of more elaborate mathematical theory. — The discus- 
sion of electromagnetic waves as given in Chapters IV and V is 
based almost solely upon the physical ideas of Art. 18, and in 
working out the details in Chapter IV, extensive use has been 
made of the analogies between electric waves and waves in mate- 
rial media. This is perhaps the best possible method as far as it 
goes, but an analytical theory of electromagnetic action is neces- 
sary for the treatment of the more complicated phenomena of 
electric waves. 

The analytical theory of electromagnetic action involves an im- 
portant branch of pure geometry which is not generally under- 
stood, the geometry of scalar and vector fields, and the greater 
part of this chapter is of necessity devoted to this subject. Be- 
fore proceeding to the discussion of scalar and vector fields, how- 
ever, it is desirable to establish the differential equations of the 
simple kind of canal waves which are discussed in Chapter I, 
and, by finding the general solution of these equations, to verify 
some Of the important ideas which have been introduced with- 
out preliminary proof into Chapters I and II. 

Differential equations of water waves in a canal. — The phys- 
ical actions in the tapering parts of the water wave which 
is shown in Fig. 7 may be easily formulated as follows, the 
elevation of the water level in the wave being very small as 
compared with the depth D of the still water in the canal. 
Let 4=/(x) be the equation to the curve WWW'W’, Fig. 7, 
formed by the surface of the water in the wave, 4 being an or- 
dinate measured from the normal water level, and x being an 


abscissa measured to the right from a chosen origin as shown in 
154 
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Fig. 148. Let Av be the thickness of the slice AB; then the 
excess of hydrostatic pressure over every part of face B of the 
slice is dh/dx- Ax x 8x g, where dh/dx-Ax is the difference of 
level of the water on the two sides of the slice, 8 is the density 
of the water, and g is the acceleration of gravity. Therefore 


actual water 
surface 


Fig. 148. 


the unbalanced force which is pushing the slice to the left in Fig. 
148 is dh/dx-Axr x 6x g x Db, where 6 is the breadth of the 
canal. 

The volume of the slice is Dd-Ax, its mass is Db-Ar x 6, 
and its acceleration is dv/dt. Therefore placing unbalanced force 


equal to mass times acceleration we have 


dv ah ! 

fo CORD (i) 
The negative sign is chosen for the reason that the acceleration 
is negative (to the left in Fig. 148) when dh/dv is positive (as it 
is in Fig. 148). 

Let dh/dt be the rate at which the water level of the slice is 
rising ;* then dh/d¢t-Az is the actual rise during the interval A, 
and dh/dt-At x > x Ax is the volume of water which accumulates 
in the slice during the interval At The volume of water per 


* As a matter of fact the water level of the slice AZ in Fig. 148 is falling, that 
is, dh/d¢ is negative in Fig. 148. 
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second which flows into the slice across face A is vDb where 
v is the velocity of flow of the water at face A; and the 
volume of water per second which flows out of the slice across 
face B is (v+duv/dx-Ar)D0d. Therefore the volume of water 
which accumulates in the slice during the interval As is 
[vDb — (v + du/dx- Axv)Db]-At or — Db- duf{dx- Ax - At. 
Hence, placing these two expressions for the accumulated volume 
of water equal to each other, we have 


ah av ee 
pre es (i 


Differentiating equation (i) with respect to ¢ and equation (it) 
with respect to +, we have 


d*v - a*h 
ar — © drat 
and 
a*h a’*v 
dxdt ~ ax? 
from which we have 
adv d*v a 
ar 8) FA Co 


Similarly, by differentiating equation (i) with respect to x and 
equation (ii) with respect to ¢ we find 


ah a’h 
det 8% Ga oF 


Two particular solutions of equation (iv) are 
h=f(x — V2) (v) 


h=lx+ Vt) (vi) 


and 


in which # and f represent any functions whatever, and in 
which 


V=V gD (vii) 
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It is evident that equations (v) and (vi) satisfy equation (iv), be- 
cause by differentiating equation (v) or equation (vi) we have 


Equation (v) represents a wave, of any wave shape whatever 
as represented by the undetermined function /, traveling at 
velocity V in the direction of increasing x without any change 
of shape; and equation (vi) represents a wave, of any wave shape 
whatever, traveling at velocity V in the direction of decreasing + 
_ without any change of shape. To show this, consider a curve 
of which the equation is 

i= (a5) (viii) 
and imagine this curve to travel at velocity V in the direction of 
increasing x. After ¢ seconds the curve will have traveled a dis- 
tance Vr, the equation of the curve referred to a moving origin 
will be equation (viii) as before, but the equation to the moving 
curve referred to a fixed origin may be found by substituting 
(«— V2) for x’ in equation (viii). 

Knowing the value of % which is associated with a pure wave 
traveling in the direction of increasing 2 [see equation (v)], the 
correct expression for v in the same wave may be found with the 
help of equation (ii) as follows: Differentiate equation (v) with 
respect to ¢, place the value of di/d¢ so found equal to — D- du /dx 


according to equation (ii), and solve for dv/dx; and we have 
Gh Ae 
are el!) 


or, substituting the value of VV from equation (vii), we have 


adv g 


whence by integration we find 


v= Jé - f(x — Vt) +a constant 
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or, using equation (v), we have : 


v= JB . A + a constant (ix) 


The constant of integration is a velocity of the medium which 
has nothing to do with wave motion and it may, therefore, be 
taken equal to zero. 

Equations (v) and (vi) represent pure waves (waves which 
travel without change of shape); and the equality of potential 
and kinetic energy at each point in such a wave may be shown 
from equation (ix) as follows: The kinetic energy of the mov- 
ing water in a canal wave per unit length of the canal is 
40v” x Dod, the potential energy of the water per unit length of the 
canalis }dgh’ x 6,* and these two expressions are equal to each 
other according to equation (ix). Equations (iii) and (iv) are 
identical to the differential equations of plane electromagnetic 
waves as derived in Art. 57 at the end of this chapter. 


41. Scalar and vector fields. — In certain physical investiga- 
tions, it is necessary to consider the temperature at the various 
points in a body, the pressure at the various points in a fluid, the 
density at the various points of a substance, or the electric charge 
per unit volume at each point ina region. Such a distribution 
of temperature, hydrostatic pressure, or density is called a scalar 
field because the quantity under consideration is itself a scalar 
and it has a definite value at each point in a region or field of 
space. The distribution is said to be homogeneous or uniform 
when the scalar quantity has the same value throughout the field; 
otherwise the distribution is said to be xon-homogeneous. An ex- 
ample of a non-homogeneous scalar fieldis the pressure in the 
atmosphere which decreases with increasing altitude. The den- 
sity of the atmosphere is also an example of a non-homogene- 
ously distributed scalar. 

In certain physical investigations it is necessary to consider the 
velocity at different points of a fluid, the direction and magnitude 


* See discussion on page 17. 
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of the flow of heat at different points in a substance, or the direc- 
tion and intensity of an electric or magnetic field at different 
points in space. Such a distribution of fluid velocity or other 
vector is called a vector field because the quantity under consider- 
ation is a vector, and it has a definite value and direction at each 
point in a region or field of space. The distribution is said to be 
homogeneous or uniform when the vector has the same value and 
is in the same direction throughout the field ; otherwise the distri- 
bution is said to be non-homogeneous. 

Examples of non-homogeneous vector fields are: the water in 
a rotating bowl, the magnetic field surrounding an electric wire, 
and the electric field surrounding a charged body. 


42. Volume integral of a distributed scalar.—Let wW be the 
value of a distributed scalar at a given point, the density of a 
substance at the given point, for example, then WArt is the mass 
of material in the volume element Az at the point, and the total 
mass JZ of the body is 

MM = Sar NG 
or 


M= [year (43) 


This summation or integral is called the volume integral of the 
distributed scalar wy. The physical significance of volume integral 
is not in every case so simple as in the case of density. If Wp is 
the volume density of electric charge, then equation (43) gives 
the total electric charge in the region throughout which the sum- 
mation or integration is extended. If wW is the energy per unit 
volume in an electric field, in a magnetic field, in a strained solid, 
or in a moving fluid, then equation (43) gives the total energy in 
the region throughout which the summation or integration is 


extended. 


43, Gradient of a distributed scalar.— Let wW be the value of 
a distributed scalar at a point f and let y+ Aw be its value 
at an adjacent point distant Ar from /; then Aw/Av is called 
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the gradient of in the direction of +, or in the direction of 
the x-axis of reference. We may, therefore, write 
ay Ve ay aw 


ax? dy ’ mp (44) 


X= 


where .Y, VY and Z are the components of a definite vector which 
is called the resu/tant gradient or simply the gradient of at the 
point ~. The gradient of a distributed scalar is therefore a dis- 
tributed vector.* 


* To show that the gradient of a distributed scalar is a vector, it is only necessary 
to show that its gradient in any arbitrary direction s isequalto dp/dx-a-| dpldy- B 
+ dldz-y, where a, 8 and y are the direction cosines of s. To understand the sig- 
nificance of this condition, con- 
sider a simple case in two 
dimensions where 7 is a vec- 
tor, xX and JY are its x- and 


y-components, and _.S' is its com- 
ponent in any arbitrary direction, 
as shown in the adjoining sketch. 
The above condition as applied 
to two dimensions means that 
the length of OS is equal to the 
component of X parallel to OS 


: x-axis (= X-a, where a is the cosine 
0 x of the angle between OS and 

the x-axis) plus the component 

Oise parallelntomOSa(canlawar 
where {3 is the cosine of the angle between OS and the y-axis). In order to apply 
this condition, let us consider the value of the distributed scalar w in the immediate 
neighborhood of a point, and let us choose this point as the origin of codrdinates. 
Now 7» has a definite value at every point [x, y, 2] in space, that is, p isa func- 
tion of the codrdinates *, y and z, and it is a continuous function ; therefore it may 
be expanded by MacLaurin’s theorem, and the higher terms of the series so obtained 
may be ignored in the small region under consideration. We thus obtain 


ap ap ay 
— —-¢t—. —- 
yp Wo as dx a dy ah daz % 
for the value of 7 at any point «x, y, 2, the coefficients dy/dx, awidy, and ayp/dz 
being constants, Differentiating this expression with respect to a variable s, we have, 
by the ordinary rules of differentiation, 


ap dp dx , dp dy , db az 
ds dx as' dy ds' az as 
but 
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A scalar quantity may be represented at each point of a 
plane by a height measured up from the plane. The complete 
distribution of the scalar quantity will then be represented by a 
raised surface or hill and the gradient of the scalar will be repre- 
sented by the steepness or grade of the hill at each point. 

The most familiar case in which it is necessary to consider the 
gradient of a distributed scalar in space is in the study of heat 
flow in an extended solid in which the temperature varies from 
point to point. The heat flow at each point is in the direction of 
the resultant temperature gradient and is proportional thereto. 
Thus, if the temperature at a given point is 50° C. and at a point 
distant 0.1 of a centimeter in a given direction it is 51° C. then 
the component of the temperature gradient in the given direction 
is 10° per centimeter, and the resultant temperature gradient at 
the point is the vector sum of the temperature gradients in three 
chosen directions. One example of the gradient of a distributed 
scalar which is very familiar is the varying hydrostatic pressure 
in liquid under the influence of gravity. Thus, the buoyant force 
of a liquid upon a submerged body is equal to the volume of the 
body multiplied by the gradient of the pressure in the liquid. 


44. Permanent and varying states of scalar distribution. — When 
the value of a distributed scalar at each point in space remains 
unchanged, the distribution is said to be permanent. When the 
value at each point is changing, we have what is called a varying 
state of distribution. Thus, the density in a gas which is being 
compressed, the temperatures throughout a body which is being 
heated or cooled, and the energy density at various points in a 
region into which energy is flowing or out of which energy is 

dx ay dz 

Fa ore A ds 
as may be easily seen by considering dx, dy and dz as thecomponents of ds. There- 
fore the gradient of x) in the direction s may be found from the gradients in the direc- 
tions of the axes of reference exactly as if these gradients in the directions of the 
reference axes were the components of a vector. Indeed the gradients in the direc- 
tions uf the reference axes are the components of a vector and this vector is the 


resultant gradient or simply the gradient of the given distributed scalar, 
I2 
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flowing are examples of varying scalar distributions. When the 
density of a substance at a point is decreasing, there is a flow of 
material away from the point ; when the energy density at a point 
is decreasing, there is a flow of energy away from the point. 
Thus, the time rate of change of a distributed scalar at a point is 
sometimes associated with a peculiar vector distribution in the 
neighborhood of that point. Thus the time-rate-of-change-of- 
density of a fluid at a point (which is a scalar) is the essential 
feature of the peculiar diverging distribution of the fluid velocity 
near the point. This scalar aspect of the divergence of a vector 
in the neighborhood of a point is called the divergence-of the 
vector at the point. See Art. 50. 


45, Stream lines of a distributed vector.— A line drawn through 
a field so as to be at each point in the direction at that point of a 
distributed vector is called a stream line of the distributed vector. 
The manner of distribution of a vector is clearly represented by 
the use in imagination of such lines. In electric and magnetic 
fields, these lines are called lines of force but the term stream 
line will be used in general statements. 


46. Permanentand varying states of vector distribution. — When 
the magnitude and direction of a distributed vector at each point 
in a vector field are constant, the vector is said to have a perma- 
nent state of distribution ; otherwise the vector is said to be in a 
varying state of distribution. Thus, when an orifice in a large 
tank of water is suddenly opened a perceptible time elapses before 
the jet of water becomes established. During this interval the 
velocity of the water is changing rapidly at each point. After the 
jet becomes steady, however, the velocity of the water at each 
point remains constant in magnitude and in direction. The mag- 
netic field in the neighborhood of a moving magnet or in the 
neighborhood of a moving or changing electric current is in a 
varying state. The electric field in the neighborhood ofa moving 
charged body is in a varying state. 

Rate of change of a distributed vector at a point. — Let the line 
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a, Fig. 149, represent the value at a given instant of the velocity 
of a fluid at the point f, and let the line a+ Aa represent the 
velocity of the fluid at the point after an interval Az has elapsed. 
Then Aa/Az is the rate of 


change of a or the accelera- a mee 
tion of the fluid velocity at 

the point ~.* This acceler- r= LrAa 

ation is also a distributed vec- ae 

tor and it has a definite value ir ~ . direction of ae at p 


and direction at every point : 
iiepace. Fig. 149. 

The rate of change of an electric field at each point and the 
rate of change of a magnetic field at each point are very important 
matters for consideration in Maxwell’s theory of the electromag- 
netic field. 

There is a particular type of vector distribution in the neighbor- 
hood of a point, namely, a divergence of the vector from the point, 
which has a scalar property, as explained in Art. 44. There is 
also a particular type of vector distribution in the neighborhood 
of a point which has avector property. Consider, for example, 
the water in a uniformly rotating bowl. Every small portion of 
water in the bowl is rotating at the same angular velocity as the 
bowl itself, and therefore the velocity of a small part of the water 
at any point is a motion of translation combined with a motion 
of rotation about an axis parallel to the axis of the bowl. Ignor- 
ing the motion of translation, what remains is a simple motion 
of rotation. Therefore, ignoring the motion of translation the 
remainder of the fluid velocity near a point in the bowl curls 
round the point. This curling of the fluid velocity round each 
point in a rotating bowl is the angular velocity of the fluid at 
each point, this angular velocity is itself a vector, and it is called 


* In this illustration the velocity under consideration is the changing velocity of the 
successive particles of the fluid as they pass the point #, not the changing velocity of 
a given particle while it is traveling along near ~. ‘The latter velocity may be 
changing from instant to instant even though the former is invariable. 
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the curl of the fluid velocity at the point. In fact, the angular 
velocity is equal to one half the curl, according to the definition 
of curl given in Art. 53. 

The time rate of change of a distributed scalar, itself a scalar, 
is frequently associated with or identified as the divergence of a 
related distributed vector, as explained in Arts. 44 and 50; and 
it is interesting to note that the time rate of change of a distributed 
vector, itself a vector, is frequently associated with or identified 
as the curl of a related distributed vector; see Art. 53. Thus 
the time rate of change of electric field is proportional to the 
curl of magnetic field and the time rate of change of magnetic 
field is proportional to the curl of electric field. See Art. 57. 


47. The line integral of a distributed vector. — Consider a line 
or path pp’, Fig. 150, in a vector field. Let As be an element 
of this line or path, let R be the value of the distributed vector 
at the element As, and let e€ be the angle between A and As. 
Then & cos e is the resolved part of A parallel to As, 
Rceose:As is the scalar part of the product of R and As,* 


and the summation 
f= >Rcose:-As 


or 


E= [Roose-ds (452) 


is called the line integral of the distributed vector R along the 
line or path over which this summation is extended. The angle 
e is reckoned between ® and the positive direction of As, the 
positive direction of As being the direction in which As would 
be passed over in traveling along the line pf’ in a chosen direc- 
tion. If the chosen direction be changed, cose will change sign 
at each element. Therefore the line integral from pp to /’ is 


equal but opposite in sign to the line integral from /’ to pf in 
Fig. 150. 


* The product &- As is part vector and part scalar, so also is the sum SR: As or 


fR ‘ds; but the scalar part only is of great importance in the theory of electricity 
and magnetism. 
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Examples. — The line integral of electric field along a path is 
called the electromotive force along the path. The line integral 
of a magnetic field along a path is called the magnetomotive force 
along the path. The line in- 
tegral of fluid velocity along 
a path is called the circula- 
tion of the fluid along the 
path. 

Cartesian expression for line 
entegral.— The most intelli- 
gible basis for the derivation 
of the Cartesian expression for 


the line integral of a distrib- 


Fig. 150. 


uted vector is as follows: Let 
4X, Y and Z be the components of the vector R and let dx, 
dy and dz be the components of the line element ds; then we 
have 
R=X+V+Z_ (vector equation) (i) 

and 

ds =dx+dy+dz (vector equation) (ii) 
The product of the two vectors & and ds is part scalar and 
part vector ;* and the product of + Y+42Z and dr+dy+ dz 
gives a number of scalar terms, namely, X-d1, Y-dy and 2-dz, 
and a number of vector termssuchas X:-dy, Y-dx, etc. There- 
fore, multiplying equations (i) and (ii) member by member, and 
discarding the vector terms we have 


Scalar part of R-ds = R-cose-ds = X-dx + V-dy + Z-dsz (iii) 
so that the Cartesian expression for line integral is 


E= f (X-de+ V-dy + Z-dz) (458) 


Line integral of the gradient of a distributed scalar.—The line 
integral of the gradient of a distributed scalar y along a path 
from p to p’ is the difference in the values of w at f and 


* See Franklin and MacNutt’s Llements of Mechanics, pages 40 and 41. 
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7’, respectively. This is evident from the following consider- 
ations. Let &, Fig. 150, be the gradient of wW at the element 
As. Then the resolved part R cose of F& in the direction of 
As is, according to Art. 43, the gradient a@y/ds in the direction 
of As. Therefore, we have 
a 
Rceos¢:As = ae A Sie Nr 

so that 

E=> Roose: As= VAW=Ww—w (40) 


where y is the value of the given distributed scalar at f, and 
w’ is its value at 7’. 

Corollary (a). — The line integral of the gradient of a distrib- 
uted scalar is the same for all paths from fp to 7’; that is, the 
line integral of the gradient of the distributed scalar is independent 
of the path over which the integration is performed provided the 
ends of the path are fixed. An exception in the case of a multi- 
valued scalar is discussed in Art. 48. 

(6). — The line integral of the gradient of a distributed scalar 
around a closed loop is zero. An exception in the case of a 
multi-valued scalar is discussed in Art. 48. 

Note.— When X, Y and Z, equation (454), are the compo- 
nent gradients of a distributed scalar wy, then as pointed out 
above 


X:-d*r+V-dy+Z-dz=dyp 


that is, X-dr+Y-dy+ Z-dz is the complete differential of a 
definite function, that is, of a quantity yy which has a definite 
value at each point in space. Therefore by differentiating the 


two expressions dyy/dr = X and ady/dy=V with respect to y 
and 2, respectively, we have 


dy aX 
drdy dy 
dy dV 


dydx at 
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but the two differentials d*/drdy and d*p/dydr are equal to 
each other, so that we have 

UB ONS 

de dy ~° ee 


and by similar argument it may be shown that 


He te 
Cie ~ Eire (476) 
and that 
dX dZ 
Tie Ee | (472) 


These are the conditions which the components of a distributed 
vector must satisfy at each point in a field or region in order that 
the distributed vector may be looked upon as a gradient of a dis- 
tributed scalar in that region. 


48. Irrotational vector distribution. Potential. — When a dis- 
tributed vector satisfies equations (47), it may be looked upon as 
the gradient of a distributed scalar, and this distributed scalar is 
called its scalar potential. In case of fluid velocity, the potential, 
if it exists, is called velocity potential; in the case of electric field, 
the potential, if it exists, is called electric potential; and in case 
of magnetic field, the potential, if it exists, is called magnetic 
potential, When a distributed vector has a potential, the distri- 
bution of the vector is said to be irrotational for reasons which 
are explained later. 

Examples. — The two heavy black circles in Fig. 151 represent 
in section two long parallel metal cylinders one of which is posi- 
tively charged and the other of which is negatively charged, and 
the fine curved lines (with arrow-heads) represent the lines of 
force of the electric field between the charged cylinders. The 
intensity of the electric field at a given point is so many volts per 
centimeter parallel to the lines of force at that point. Let the 
plane of the paper in Fig. 151 be a horizontal plane, and imagine 
a hill built upon this plane in such a way that its slope lines as 
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seen projected upon the base plane coincide with the lines of force 
in Fig. 151. If the height of this hill is measured in volts, then 
its slope or grade will be expressed in volts per centimeter at 
each point, in fact its gradient is a complete representation of the 
electric field in the plane of Fig. 151. Zhe height at a point of 


Fig. 151. 


an imagined hill whose slope ts everywhere equal to a given electric 
field is called the electric potential of the field at that point. The 
heavy curved lines ppp in Fig. 151 are the contour lines or lines 
of equal level on the potential hill which is imagined to be built 
as described above. The potential is the same at every point 
along each of the heavy curved lines, and these lines are there- 
fore called lines of equi-potential. 

The above example refers to the distribution of electric field in 
two dimensions, and in this case the potential hill may be actually 
constructed as a geometrical hill. In general, however, this is not 
possible, that is to say, it is not possible to construct a geometri- 
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cal representation of the potential hill. A clear idea of potential 
in this general case may be obtained as follows: Imagine any 
given distribution of electric field, the electric field surrounding 
a charged sphere for example, and imagine the region surround- 
ing the sphere to vary in temperature from point to point in such 
a way that the temperature gradient (degrees per centimeter) at 
each point may be equal to the electric field (volts per centi- 
meter) at that point. Then the temperature at each point repre- 
sents the electrical potential at that point. Any surface drawn so 
as to be at each point at right angles to the lines of force at 
that point is a surface of equi-potential. In the above example, 
of the field surrounding a charged sphere, the lines of force are 
radial straight lines and the surfaces of equi-potential are spheres 
concentric with the charged sphere. 

In order to completely establish the value of the electric poten- 
tial at different points in space (that is to say, the heights at the 
different points of the potential hill), a region of zero potential 
must be arbitrarily chosen. That is to say, an arbitrarily chosen 
region must be taken as the zero of potential. Then the poten- 
tial at any other point is equal to the electromotive force £ be- 
tween the arbitrarily chosen region of zero potential and the given 
point. 

Multivalued potential. —The magnetic potential in the region 
near an electric wire is multivalued. Imagine a plane perpendic- 
ular to the wire, and consider the distribution of magnetic field in 
this plane. The lines of force of this field are concentric circles 
with their centers at the wire. If this field is to be looked upon 
as a gradient, or in geometrical terms as the slope of a raised 
surface or hill, it is evident that the hill must be similar to a wind- 
ing stair or screw surface surrounding the electric wire, and hav- 
ing an infinite series of heights above any given point in the 
plane. These heights correspond to the possible values of the 
magnetic potential at the given point in the plane. 

The line integral of the magnetic field in the neighborhood of 
an electric wire around a closed curve or loop is zero if the loop 
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does not enclose the wire and therefore the line integral of the 
magnetic field along any two paths between two points is the same 
if the paths do not together constitute a closed loop which en- 


circles the wire. ' 


49. The surface integral of a distributed vector. Flux. — Let 
A and B, Fig. 152, be the points of intersection of a closed 
curve or loop with the plane of the 
paper, and let the curved line AB 
represent a diaphragm stretched across 
this loop. Let AS be the area of an 
element of the diaphragm, let # rep- 
resent the value at AS ofa distributed 
vector, and let e be the angle between 
R andthe normal to AS, this nor- 
mal being always drawn from the same 
side OO of the diaphragm. Then 
Rceose is the resolved part of R nor- 
mal to AS, Rcose-AS is the scalar 
part of the product of RR and AS,* 


Fig. 152. 


and the summation 


® = SRceose:AS 


or 


b= [R cose:adS (482) 


is called the surface integral of the distributed vector R over 
that portion of the diaphragm over which the summation is ex- 
tended. If the normal to AS in Fig. 152 is drawn in the re- 
verse direction, that is, from the side // of the diaphragm, then 
cose will be everywhere reversed in sign, and the surface in- 
tegral, retaining its numerical value unchanged, will be reversed 
in sign. In the integration over a closed surface like a box or 
sphere, the normal is understood to be drawn outwards always. 


* The product #-AS is part scalar and part vector ; so also is the sum SR-AS 
or i R. dS; but the scalar part only is of great importance in the theory of elec- 
tricity and magnetism. See Franklin and MacNutt’s Zvements of Mechanics, pages 
4o and 41. 
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Lxamples.—The surface integral of fluid velocity over a surface 
is the flux of fluid through the surface in cubic centimeters per 
second. The surface integral of any distributed vector is called 
the jiwx of the vector. Thus we speak of the flux of magnetic 
field, the flux of electric field, etc. In case of a closed surface 
we speak of the flux into or out of the region bounded by the 
surface. 

Cartesian expression for surface integral—Let X, Yand Z 
be the components of the vector R, and let the areas * of the 
projections of the surface element dS on the coordinate reference 
planes be dy-dz, dz:dx and dx-dy respectively. Then ay: dz, 
dz:dx and dxv-dy are the components of @S considered as a 
vector. Therefore we have 


R=X-+YV4+2Z (vector equation) (i) 
and 
aS = dy: dz + dz-dx + dx-dy (vector equation) (ii) 


Multiplying equations (i) and (ii) member by member, and 
discarding the vector terms, we have 


Scalarepatt of K-dS = K cose dS 


ii 
— X-dydz + V-dede +Z-drdy ey 


so that the Cartesian expression for surface integral is 
b= ff (X-dydz + V dedx + Z-dxdy) (482) 


50. Divergence of a distributed vector. — Consider a small re- 
gion of volume Ar in the neighborhood of a point p. Let A® 
be the flux of a distributed vector A out of this region, It can 
be shown, when R& is physically continuous, that the ratio A@ /Ar 
approaches a definite limiting value as the volume element At 
grows small.t This limiting value of A@®/Ar is calledthe adiver- 


%* We are not concerned with the fact that dy - dz, etc., are square, whereas the pro- 


jections of @S may be any shape. 
+ To prove this statement rigorously one would have to consider the expansion of 
the components of the distributed vector by MacLaurin’s theorem asin Art. 56. See 


in particular the discussion of velocity v/ in Art. 56. 


i 
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gence of the vector R at the point ~. From this definition 


we have 


A® = p.Art (49) 


in which A® is the flux of a distributed vector R out of a small 
region At intheneighborhood of a point,and p is the divergence 
of R atthe point. The divergence of a distributed vector is a 
distributed scalar. A negative divergence is sometimes called a 
CONVEVZENCE. 

Cartesian expression for divergence.* — Consider at a given 
point f# a small cubical region of which the edges are Az, 
Ay and Az. Let X, Y and Z be the components of Kat 
p. The flux of R across one of the Ay-Az faces of the cube 
is X-Ay-Az izto the region, and the flux of “AK across the 
other Ay- Az face is (¥+da¢X/dx-Ax)-AyAz out of the region. 
Therefore the total flux out of the region across these two faces is 


axX 
WE -Ax: Ay - Az 
Similar expressions hold for the other two pairs of faces, so 
that the total flux out of the region is 
(e GV eeaZ 


de dy zr zs) eB Les aN 


and this quantity divided by the volume of the region Av: Ay- Az 
gives the divergence p so that 


_ ax amas, 
P—Te" ay * de Ce) 


Several problems illustrating the meaning of this equation are 
given in Appendix C. 


51. Breaking up of a surface integral over a closed surface into 
volume elements. — Consider the surface integral of a distributed 
vector & over a closed surface, normal directed outwards as stated 


*A rigorous derivation of equation (50) would have to be based upon the expan- 
sion of X, Y and Z by MacLaurin’s theorem as exemplified in equations (56). 
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in Art. 49. Imagine the enclosed region to be broken up into a 
number of small cells. Zhe surface integral of R over the given 
closed surface is equal to the sum of the surface integrals of R 
over the enclosing surfaces of the various cells, normal directed 
outwards in each case ; this is evident when we consider that every 
wall which separates two contiguous cells is integrated over twice 
with direction of normal reversed (see Art 49), so that the only 
surface integrals which are not canceled in this way are the inte- 
grals over the various parts of the given closed surface. 

Let A® be the surface integralof R over one of the cells, and 
let ZRcose-AS be the surface integral of R over the given 
closed surface. Then, from the above statement, we have 


z=Rcecose-AS = TAD 


or, using equation (49), we have 
[Roose dS = fp-dz (51) 


where the first term is the surface integral of a distributed vector 
Rover a closed surface, and the second term is the volume 
integral of p (the divergence of £) throughout the enclosed 
region. 

Example. — According to Gauss’s theorem, the total electric 
flux out of a region is equal to 47 times the total amount of 
electric charge in the region ; * but the electric flux out of a region 
is equal to the surface integral of electric field over the boundary 
of the region, and the total charge in the region is equal to the 
volume integral of the density of electric charge in the region ; 
therefore Gauss’s theorem involves an equation like equation (51) 
between a surface integral of electric field A and a volume inte- 
gral, and it follows from Gauss’s theorem that the divergence of 
electric field is at each point equal to 47 times the volume den- 


sity of electric charge at the point. 


52. Solenoidal vector distribution. — A. distributed vector is 
said to have solenoidal distribution in a region throughout which 


* When units of the electrostatic system, are employed, 
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its divergence is zero. The surface integral of such a distributed 
vector is zero over any closed surface. This is evident when we 
consider that the volume integral of the divergence of the vector 
is zero throughout any region because the divergence itself is 
everywhere zero, so that the surface integral of the vector over 
the boundary of any closed region must be equal to zero by 
equation (51). 

Tube of flow. — Imagine stream lines to be drawn in a vector 
field from each point of the periphery of a closed curve or loop. 
These stream lines form a tubular surface which is called a tube 
of flow of the given distributed vector. 

Consider a number of diaphragms across a tube of flow; the 
flux is the same across them all. This is evident when we con- 
sider that any two diaphragms together with the walls of the 
tube constitute a closed surface out of which the total flux is 
zero; but the flux across the walls of the tube is zero, so that 
the flux into the enclosed space across the one diaphragm must 
be equal to the flux out of the enclosed space across the other 
diaphragm. 

Unit tube. — A tube of flow is called a unit tube when the 
flux through the tube is unity. For example, a unit tube has a 
sectional area of O.I square centimeter in a magnetic field of 
which the intensity is 10 gausses. 

Imagine the entire solenoidal region of a distributed vector to 
be divided up into unit tubes. Then the flux across any surface 
anywhere in the region is equal to the number of these unit 
tubes which pass through the surface. Each unit tube may be 
conveniently represented in imagination by the single stream 
line along the axis of the tube. Then the flux across any surface 
in the region is equal to the number of these lines passing through 
the surface. In the case of electric and magnetic fields the lines 
of force are always thought of as representing each a unit tube, 
and the quantity of magnetic flux or electric flux through a sur- 
face is expressed by the number of lines of force which pass 
through the surface. 
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53. Curl of a distributed vector. — Consider a small plane area 
AS ata point # in a vector field. Let AZ be the line integral 
of the distributed vector R around the boundary of this surface 
element. It can be shown, when 2 is physically continuous, 
that the ratio AZ/AS approaches a definite limiting value as 
the surface element AS grows small and remains fixed in direc- 
tion.* This limiting value of AZ/AS is the component of a 
new vector in the direction of the normal to the surface element 
AS, and this new vector is called the curl of R. From this 


definition we have 
Ai = /C cos eA S, (52) 


in which AZ is the line integral of a given distributed vector 
R around the boundary of a small plane element of area AS, 
C isthe curl of A, and e is the angle between C and the 
normal to AS. 

To understand what is meant by the curl of a distributed vec- 
tor, let us consider a simple case of fluid motion, namely, the 
uniform rotation of a bowl of water about a vertical axis at 
angular velocity . Consider the fluid motion in the neighbor- 

hood of the point /, Fig. 153, dis- 


C 
tant d@ from the axis of rotation of 
pete C the bowl. The motion of this small 


eine portion of the fluid may be thought 
ts - of as made up of a uniform motion of 
axis 0 : : ; 
action translation and a motion of rotation at 
Fig. 153. 


angular velocity @ about a vertical 
axis through f. In considering the line integral of the fluid 
velocity around a circle CC in Fig. 153, the uniform motion of 
translation of the fluid in the neighborhood of f need not be 
considered, the line integral depends only upon the rotary motion. 
Therefore let us ignore the translatory motion of the fluid near / 
and consider only its rotary motion about f. Let 7 be the 

* To prove this statement rigorously one would have to consider the expansion of 


the components of the distributed vector by MacLaurin’s theorem as in Art. 56. See 
in particular the discussion of velocity v/’ in Art. 56. 
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radius of the circle CC. The velocity of the fluid at every point 
along the circle is equal to wr and it is tangential to the circle 
at each point. Therefore the line integral of the fluid velocity 
around the circle is equal to the product of this fluid velocity by 
the circumference of the circle which gives 277’. It is there- 
fore evident that the line integral is proportional to the area of the 
circle so that the line integral divided by the area of the circle 
gives a constant. The proportionality constant in this case is the 
curl of the fluid velocity in the rotating bowl, that is to say, it is 
not necessary in this case to consider the limiting value of AZ/AS. 
Therefore dividing the line integral 277°w by the area of the 
circle m7” we find that the curl of the fluid velocity in a rotary 
bowl is equal to 2 at every point in the bowl, where @ is the 
angular velocity of the bowl. 

This example in which the curl of fluid velocity is shown to be 
equal to two times the angular velocity of the particles of the 
fluid at each point is of course a very special case, but it can be 
shown (see Art. 56) that the motion of a fluid in a small region 
in the neighborhood of a point can always be resolved into three 
parts, namely, (2) a uniform motion of translation of the whole 
element of fluid, (4) a uniform rotation of the entire element of 
fluid at a definite angular velocity about a definite axis, and (c) a 
uniform dilatation of the fluid in three mutually perpendicular 
directions. The uniform translatory motion of the fluid does not 
contribute to a line integral around any closed curve nor does that 
part of the fluid motion which is associated with the three dilata- 
tions, so that a uniform rotation of a small body of fluid covers 
the case completely. If the plane of the paper in Fig. 153 is not 
at right angles to the axis of rotation of the bowl, then we need 
consider only that component of the angular velocity which is at 
right angles to the plane, the resultant value of AZ/AS will 
be the component of the curl perpendicular to the plane of the 
paper, and it will be equal to two times the component perpendicu- 
lar to the plane of the paper of the angular velocity of the 
bowl. 
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Cartesian expression for curl.* — Consider the value of a dis- 
tributed vector # in the neighborhood of a point. Let XY, VY 
and Z be the components of R at the point. Consider the 
line integral of around a small rectangle whose sides are Ay 
and Az, the shaded rectangle in Fig. 154, the curved arrow show- 


Fig. 154. " Fig. 155. 


ing the direction in which the line integral is to be taken. The 
line integral of R along the side Ay is Y-Ay; along the 
opposite side the line integral is 


aXe 
and therefore the total line integral along these two sides is 


ave 


Similarly, the total line integral along the two sides Az is 
aZ 
+- pp ‘Ay: Az 
as may be understood from Fig. 155, and therefore the total line 


integral around the rectangle is 


wee ay HON 
dy az vn 
* A zigorous derivation of equations (53) depends upon the use of MacLaurin’s 
theorem, See Art. 56. 
13 
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which, divided by the area Ay. Az of the rectangle gives the 
x-component of the curl of R at the given point. Ina similar 
manner the expressions for y and z components of the curl 
may be found, giving 


WE Ue LE WB ee aX ’ 
CGP a ee 


where C,, C, and C, are the components of the curl of a dis- 
tributed vector R at a point, and , Y and Z are the com- 
ponents of the vector. 

Examples of curl. 
moving fluid is equal to one half the curl of the fluid velocity at 


The angular velocity of a particle of a 


each point. Electric current density, that is, the electric current 
per unit of sectional area of a wire is equal to 1/47 times the 
curl of the magnetic field when proper units are employed. 


54. Breaking up of a line integral around a closed curve into 
surface elements. — The region surrounding the heavy line AB 
in Fig. 156 is a vector field and let it be assumed that the line 
integral of the distributed vector 
around the closed loop AB is not 
equal to zero. The arrow repre- 
sents the direction in which this 
line integral is taken (a reversal of 
this direction reverses the algebraic 


sign of the line integral as explained 
in Art. 47). 
The line integral around AB is equal to the sum of the line 


Fig. 156. 


intergrals around the various meshes of any net-work, plane or 
otherwise, constructed in AB, the line integrals around the 
various meshes being taken in the same direction as the line 
integral around AZ, as shown by the two or three small curled 
arrows. This proposition is evident if we consider (1) that in 
integrating around the various meshes each portion of the closed 
loop A# is integrated over but once and in the direction of the 
large arrow in Fig. 156, and (2) that in integrating around the 
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various meshes each dividing line is integrated over twice and in 
opposite directions. 

Let AZ be the line integral around one of the meshes in 
Fig. 156, then from the above proposition, we have 


[R-cos e-ds = SAL 


where [Rk cos e-ds is the line integral of R around ABZ in 
Fig. 156 
Substituting the value of AZ from equation (52), we have 


fR cose As= [Ccose- AS (54) 


in which the first member is the line integral of a distributed 
vector #& around a closed curve or loop and the second member 
is the surface integral of the curl of R over any diaphragm to 
the loop. 

Solenoidal character of curl. — The curl of a distributed vector 
is itself a distributed vector and its distribution is always solenoidal, 
that is to say, the divergence of a curl is always and everywhere 
equal to zero. This may be made evident as follows: Consider 
two diaphragms to a given closed curve or loop. The integral 
of C must be the same over both diaphragms because each sur- 
face integral is equal to the line integral of R around the closed 
curve or loop (normal to surface of integration being drawn toward 
the same side of the diaphragm in each case). If the direction 
of the normal be reversed over one of the diaphragms then the 
surface integral of C over that diaphragm will be reversed in sign, 
or, in other words, the surface integral of C over one diaphragm 
is equal and opposite to the surface of integral of C over the 
other diaphragm, so that the surface integral of C over both dia- 
phragms is zero. But the two diaphragms form a closed surface 
and therefore C is a distributed vector whose flux out of or 
into a closed surface is always equal to zero, so that its diver- 
gence must be equal to zero as explained in Art. 50. 


55. Rotational and irrotational vector distribution. Vector po- 
tential and scalar potential. When a distributed vector has curl 
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the vector is said to be rotationally distributed. When the curl 
of a distributed vector is equal to zero, however, the vector is 
said to be rrotationally distributed. By comparing equations (47) 
and (53) and.considering the statement in Art. 48, it is evident 
that a distributed vector can have a scalar potential only when its 
curl is everywhere equal to zero, that is to say, scalar potential 
exists only for irrotationally distributed vectors. A rotationally 
distributed vector cannot be looked upon as the gradient of a dis- 
tributed scalar or potential. See problem 66. 

If a given distributed vector has no divergence, that is to say, 
if its distribution is solenoidal, it may be looked upon as the curl 
of another distributed vector. The new distributed vector of 
which the given distributed vector 1s the curl is called the vector 
potential of the given distributed vector. 

The above statements may be made more easily intelligible by 
rearranging them as follows: 

(a) We have rotationally or irrotationally distributed vectors 
according as curl does or does not exist; a distributed vector 
which has curl can have no scalar potential; and a distributed 
vector which has no curl can have a scalar potential. 

(6) We have vector distributions which have divergence and 
vector distributions which do not have divergence. This latter 
kind of vector distribution is called solenoidal; a distributed 
vector which has divergence cannot have a vector potential ; and 
a distributed vector which has no divergence can have a vector 
potential. 

It is possible to separate any distributed vector into two parts, 
one of which has curl but does not have divergence and there- 
fore has vector potential, and the other of which has divergence 
but does not have curl and therefore has scalar potential. 

The simplest example of that relationship between two dis- 
tributed vectors which is referred to in speaking of one of the 
vectors as the vector potential of the other, is found in fluid 
motion as follows: The rotatory motion of the various small por- 
tions of a moving fluid is a distributed vector ordinarily called 
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the vortex vector, and lines may be drawn through a moving fluid 
so as to be at each point parallel to the axis about which the 
small parts of the fluid are rotating. These lines are called vor- 
tex lines. The vortex motion of a fluid is a distributed vector 
which is equal to the curl of the fluid velocity and therefore the 
fluid velocity is the vector potential of the vortex motion. 


56. The linear vector function.— The simplest mode of dis- 
tribution of a vector throughout a vector field is that in which the 
components of the vector are linear functions of the codrdinates 
of the various points. In this case we have 


X=X+a4,*+ a7 + A, 8 
Ve Ve ar Aye + Vy 1 Dy38 (55) 
Z= Z, Ga eye Cane 


where X, Y and Z are the components of the vector at the 
point x, 7, 2,; X,, Y, and Z, are the components at the origin 
of coordinates ; and the various coefficients @ are constants. 

It is important to understand that the distribution of a vector 
throughout a very small portion of any vector field is of the char- 
acter represented by equations (55). This is evident when we 
consider first that each of the three components , Y and Z 
is a continuous function of the codrdinates x,y and z, so that each 
may be expanded in a series of ascending powers of the coordi- 
nates x,y, and zg by MacLaurin’s theorem, and second that 
all terms of higher orders are negligible within a small region 


near the origin of codrdinates. That is, we may write 


a aX xX 

ee ae ae, °° 
Ase aXe av 

eee a ty, * (56) 
aZ ZL WE 
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in which X,, Y, and Z, are the components of the distributed 
vector at the origin of the coordinates, and the coefficients of 4, y 
and < are the values of the differential coefficients adX/dx, dX/dy, 
adX/dz, etc. at the origin. 

Throughout the following discussion the letters @,, @%,, 3) etc. 
are understood to represent the values at the origin of the corre- 
sponding differential coefficients in equations (56). In order to 
make the further discussion of equations (55) and (56) as simple 
as possible, let us think of YY, Y and Z as the components of 
the velocity of a fluid, and let us consider the actual velocity of 
the various parts of the fluid in the neighborhood of the origin 
as consisting of three parts, namely, (1) a uniform velocity 7, 
of which the components are X, Y, and Z,, (2) a velocity v’ 


0 
whose components XX’, Y’ and Z’ are given by the equations 


XX’ = 4(a, a Ay) oe 3(Q%, am By )% 
y7 — 3 (Aye awe Ayo) 2 ar 4(a,, ak yy) ¥ (57) 
Z! = 3 (Ay — Ms)¥ + 2(Ay — Gy) 


and (3) a velocity v’’ of which the components X77, Y’” and 
Z"'’ are given by the equations 


X= aye + £(Q1, + Ay, )V =F 3(a, a As )S 
y"'— 3(a, a A,,)% BooJ ae 2( Ag + Osy)2 (58) 
Zl 2(Q, Te Ay )* ai 2( Qs aE Usp) HF y38 


The vector sum v,+ v'+ v" is seen to be equal to the total 
velocity of the fluid at each point because Y as given by equa- 
tion (55) is equal to Y, + X’+ X”/ and the same is true of the 
other components. 

The velocity v, represents a translatory motion of the entire 
body of fluid in the neighborhood of the origin, the velocity 
represents a simple motion of rotation about a definite axis of the 
entire body of fluid in the neighborhood of the origin, and the 


ee ee : é : 
velocity v/’ represents a steady increase of dimensions of the 
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portion of fluid near the origin in three mutually perpendicular 
directions, three dilatations as they are called. 

Discussion of velocity v'. — Consider a rotating rigid body, of 
which the axis of rotation passes through the origin of coordinates, 
and let ,,, and , be the components of the angular 
velocity of the body around the x, vy, and z axes of reference, 
respectively. Consider a point f of the body of which the 
coordinates are x, y, and z as indicated in Figs. 157, 158 and 


159. Consider, for example, Fig. 157. The velocity of the 


Fig. 157. Fig. 158. Fig. 159. 


particle » due to the x-component of the angular velocity of the 
body , consists of two parts, + yo, and — z@, as indicated, 
and the same considerations apply to Figs. 158 and 159. There- 
fore, picking out the 2-components of velocity in Figs. 158 and 


159, we have 
X'= 20, — yo 
y & 


and in a similar manner we find 


Y’ = 10, — 20, 


(59) 


Z!'=yo — 10 
IAOK. 7 


By comparing these equations with equations (57) we find that 


WWE Whe 
ae 2 (59 ao As) Say (5S aS “ie (60) 


bole 
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: _(@& dé 
O,= 41s — Fn) =F \ ae ey 


’ N(GVax 
o,=4(a2,—4,)=4 dx dy 


Discussion of velocity v''. — As pointed out above, the velocity 
tt 


v'’ represents a steady increase of dimensions of a portion of fluid 
near the origin in three mutually perpendicular directions. This 
part of the motion of a fluid neara point or this part of any vector 
field near a point is the part upon which the divergence of the 
distributed vector depends, and it is this part which must be con- 
sidered if one wishes to establish rigorously the proposition in 
Art. 50, namely, that the ratio A@/At approaches a finite limit- 
ing value as At approaches zero. 

To show that v’’ represents three mutually perpendicular dila- 
tations, let us assume three dilatations parallel to three rectangular 
axes of reference +, 7,, and z, The three component veloci- 


ties being 


ee 

Y == 0,9 : 
ia 1 D1 (i) 

Za = b2, 


In order to transform these equations to new rectangular axes 
of reference x,y, and 2, it is very helpful to make use of the 
velocity potential / which, from equations (i) is 


P=}3(O,x/) + by a b,8,°) (ii) 


Pet a), 8, ¥:3 Gp Per Yes Ge Po at¥e. De theudirectionscasmes 
of the new axes of reference x, y, z referred to the old axes te 
Gee. 2) Den 


J; AV oie Boy ae oF (iii) 
2, = 44 + Bey + 452 


Substituting these values of +, 7,, 2, in equation (ii), we have 
the expression for the velocity potential referred to the new axes, 
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and differentiating this expression for velocity potential with 
respect to +, with respect to y and with respect to 2, in suc- 
cession, we find the expressions for the three components of the 
fluid velocity referred to the new axes, namely 


AM = (6,47 + 0,4, + b,4,\4 + (b,0,8,+ 6,0,8,4 6,2,8,)7 | 
+ (Oy, 0, 4+ Fy Yt + Fs 3%)% 
VY" = (6,4,8,4+ 4,4,8,4 6,,8,)¢ + (6,8,?+ 6,874 6,8,?)y 
+ (6,8\7,+ 2,8,7,+ 4,857,)4 
LZ" = (By, %, A FyV ght Og y%s)¥ + (O,8,y, + 8,894 F:85%5)V 
+ (yy? + G59) + 55')2 


(iv) 


These equations exhibit the same kind of symmetry as equations 
(58), that is the coefficient of y in the expression for X’’ is 
equal to the coefficient of 2 in the expression for Y’’, and so 
on, and each set of equations (58), and (iv), contains six distinct 
coefficients. Therefore these two sets of equations are identical ; 
equations (iv) express exactly the same type of motion as is ex- 
pressed by equations (58). Therefore equations (58) express 
uniform dilatations of a portion of the fluid in three mutually 
perpendicular directions. 

It is interesting to note that @X'/dr + dY'/dy + dZ'/dz = 0, 
according to equations (57), so that the divergence of the total 
fluid velocity v,+v'’+v"’ is equal to the divergence of wv”. 
From equations (iv) we have 


d. Ad ay" a. /? 
qa a ede 


= b, te b, a b, 
inasmuch as 
a’+ B?+ 7" =1, Gi, 1, oy + 8, ty = 1 


Therefore the divergence of a fluid velocity at a point is equal to 
the sum of the three mutually perpendicular dilatations 6,+ 0,+ 4, 
of a small portion of the fluid near the point. 
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57. General equations of the electromagnetic field. A complete 
theory of electromagnetic waves involves a consideration of the 
genera! equations of the electromagnetic field in moving media 
as well as in stationary media. It is sufficient for the purposes 
of this text, however, to discuss the general equations of the 
electromagnetic field for a stationary medium in which the induc- 
tivity is « and the permeability is p.* 

Conduction current and displacement current. First group of 
general equations. — An ordinary electric current flowing through 


eee (sss assesses 


4 
Le 


| 


| 
lit 


growing eléctric field 
directed inward 


LLY 


“a 
' 
Vv 
; S&S 
| 
1 
! 
1 
1 
1 
i} 
i 
i 
; 
ice 


aetialsclaaeicale bo ecleesa cena sap =e—= 


| 
(ee 


edgewise view ‘side view 
Fig. 160. 


a wire is called a conduction current, and the magnetic action of 
such a current is discussed in every elementary treatise on elec- 


* The discussion here given follows somewhat closely that of Hertz. See Jones’s 
translation of Hertz’s L/ectric Waves, pages 195-240. A discussion of the electro- 
magnetic equations in moving media is given on pages 241-268. 

A good discussion of electromagnetic waves (which follows mainly the develop- 
ment given by Hertz) is to be found in The Principles of Electric Wave Telegraphy, 
by J. A. Fleming, Longmans, Green & Co., 1908, pages 282-352. 

One of the simplest and best of the recent treatises on Electromagnetic Theory is 
that of Foppl and Abraham, the first volume of which is devoted to the theory of 


electromagnetic action and the second volume of which is devoted to the modern elec. 
tron theory. 
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tricity and magnetism. The formulation of the equations of the 
electromagnetic field depend, however, upon a clear understand- 
ing of the magnetic action of an increasing electric field. In order 
to bring this matter into relation with things which are familiar 
to a beginner, let us consider a condenser AABB, Fig. 160, 
which is being charged by a current J as indicated, the insulat- 
ing material between the plates AA B&B having an inductivity 
x. The capacity of the condenser AABB is given by the 


equation 
I KA ; 
~ 4nV2 x (1 


in which C is expressed in abfarads. A is the sectional area of 
the dielectric and ~ is its thickness. 

The amount of charge which flows into the condenser during 
a small interval of time As is 


ING TN; (ii) 


and the increment of electromotive force across the plates of the 
condenser is given by the equation 


AQ os 

Dh Ton (iti) 

Substituting the value of C from equation (i) and the value 
of AQ from equation (ii) in equation (ili) and solving for 7 we 


have: 
I ie Ne 


HE sae Se (iv) 


The intensity of the electric field between the plates AA and 
Bib SPic) 2160, is -e= 2/7 so, that Ae— A#/x,’ Therefore 
equation (iv) becomes 
I de 
l= —,,:- KkA- => 
an?" * at (v) 
* The factor 1/47 V? is a single constant, and it is written in this form so as to in- 


volve explicitly the velocity of light V. See Franklin and MacNutt’s Z/emendts of 
Electricity and Magnetism, pages 178-180. 
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In so far as the magnetic action of the electric current in 
Fig. 160 is concerned, the circuit is complete, a conduction cur- 
rent I flows through the metallic part of the circuit (the wire), 
what is called a displacement current exists in the dielectric, and 
the displacement current 


re  KAxe = is equal to 7 

The line integral of the magnetic field (magnetomotive force) 
around any closed curve or loop which encircles the path of the 
current in Fig. 160 is equal to 47/.* Consider the closed curve 
or loop which encircles the region where the displacement current 
exists, the dotted line in the side view Fig. 160, and let us think 
of the magnetomotive force around this dotted line as dependent 
upon the displacement current, then 


line integral of magnetic fieldaround | _ T 
the dielectric of the condenser pats 
a ; 
= 7” afl o ae (vi) 


This equation applies to any small portion of dielectric in which 
a changing electric field exists, and it leads at once to one set of 
general equations of the electromagnetic field as follows: Let 
X, Y, and Z be the components of an electric field at a point in 
abvolts per centimeter, let ZL, J7 and WV be the components of 
the magnetic field, andlet « be the inductivity of the dielectric. 
Suppose that the component ‘A of the electric field is chang- 
ing, then 1/47 V?-«(Ay-Az)-adX/dt is the displacement current 
in abamperes across the area Ay-Az. Now the line integral 
of the magnetic field around the element Ay-Az is equal to the 
product of the area of the element and the x-component of the 
curl of the magnetic field at the point. But the +-component 
of the curl of the magnetic field at the point is dNV/dy — aM | dz 
according to equation (53). Therefore, when applied to the 
elementary area Ay-Az, equation (vi) becomes 


* See pages 121 Nichols and Franklin’s Elements of Physics, Vol. II. 
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aN aM I aX : 
or 
aX V*(daN dM 
aie kK Nay de 
and similarly we may obtain 
aV V*f(dL dN (61) 
is a NE 2) 


and 


aZ atime ls 
Ci tmc\ de ae os) 


These equations constitute the first group of general equations 
of the electromagnetic field in a stationary isotropic medium. 

Induced electromotive force. Second group of general equa- 
tions. Consider a small element of area Ay-Az ata point in an 
electromagnetic field. The magnetic flux through the area is 
equal to wL-Ay-Az, the rate of change of this flux is equal to 
aL /dt-Ay-Az, and this rate of change of flux is equal to the 
electromotive force around the boundary of the surface element. 
The electromotive force around the surface element (line integral 
of electric field around the element), however, is equal to the 
product of the area of the element and the a-component of the 
curl of electric field. Therefore, we have 


al 
pe Ay Ae = — 


We His 
7 —— 


ai =) Ay -Az (vii) 


The negative sign is chosen for the reason that an increasing 
magnetic field through a closed curve or loop produces an elec- 
tromotive force around the loop in the direction in which a /eft- 
handed screw would have to be turned in order that it might 
travel in the direction of the increasing magnetic field, whereas 
in Fig. 160 a growing electric field as shown in the side view 
produces a magnetomotive force around the dotted line in the 
direction in which a right-handed screw would have to be turned 
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in order that it might travel in the direction of the increasing 
electric field. 
Equation (vii) reduces at once to 


aL I CAS ES 
eae in oF 
and similarly we may obtain 


aM I aX aZ (62) 
init NGaea O 


and 


aN Le/ Oia 
a b\ dx Be dy 


These equations constitute the second group of general equations 
of the electromagnetic field in a stationary isotropic medium. 
Equations of continuity. —It is the object of this treatise to 
discuss electromagnetic waves in regions where there is no free 
electric charge and no free magnet poles, indeed such a thing as 
a free magnet pole does not exist. Therefore the divergence of 
the electric field is zero and the divergence of the magnetic field 


is zero. That is 
WO WME a, 7 i 
dr # dy a dz ae ( 3) 


and 
ald edn 6 
ax a dy 2 az =e ( 4) 


Electromagnetic equations containing but one dependent vari- 
able. — No one of the differential equations (61), (62), (63) or 
(64) can be solved because each of these equations contains more 
than one dependent undetermined variable. A set of equations 
each containing but one dependent variable may be derived as 
follows : 

Differentiate the first of equations (61) with respect to ¢ and 
we have 


(i) 


aX V2(d7*N aa 
dt® ~"« \dydt— ded? 
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Differentiate the third of equations (62) with respect to y and 
the second with respect to z and we have 


a*N Lyd Vou a x Fe 
) Gi) 


dydt~—p\dxdy ay 
and 


dzdt be 


a*M Vax 2-7. ote 
a (iii) 


Substituting these values of @7//dsdt and d?N/dydt in equation 
(i) we have 


ee We TENE = Cie CRP SW Mao : 
) 


di? — ux\— dedy— dads ap + ae 
Differentiating equation (63) with respect to x we find 


ax exe _@d A 
dx* ~~ ~— dxdy dxdz (v) 


Whence, equation (iv) becomes 


CEE GEE TED OL ED. OT EEG 
) (65) 


WE? [BK dxtt ay” + ie 


Similarly, we may derive: 


Cele (eave? Your dey é6 
HES FRAG Ea " dy? + ae 88) 

and exactly similar equations for 7, ZL, and N. 
Plane wave, — Consider a layer of electromagnetic field per- 


pendicular to the x-axis of reference, and suppose the state of the 
field to be exactly the same over the whole of sucha layer. Such 
a layer constitutes a plane wave according to the definitions given 
in Art. 14. Inasmuch as the electromagnetic field is assumed 
to be the same over any plane layer perpendicular to the 1-axis 
it is evident that all derivatives with respect to y and 2g are 
equal to zero. Therefore equations (65) and (66) become 
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LAX IVA wi 
dt? pe dx? vi) 


and 
a? Ve ltd % 
ae uk a (vii) 


But from equation (63) we have 


aX CDE GIS 


di Sidyo ds 


which is equal to zero because there is no variation with respect 
to y and z. Therefore d’*X/dx? is also equal to zero and 
equation (vi) vanishes. There can be no x-component of electric 
field (nor an x-component of magnetic field) in a plane wave per- 
pendicular to the x-axis.* That is to say, the electric field (and 
also the magnetic field) in a plane electromagnetic wave lies in the 
plane of the wave. Electromagnetic waves are therefore trans- 
verse waves. 

The equations like (vi) and (vii) which do not vanish in a plane 
wave perpendicular to the 1-axis are the ones containing Y, Z, 
M and WN. Suppose, however, that we wish to consider the 
values of Y alone, assuming that Z=0; then it is evident from 
the second of equations (62) that d///dt = 0, so that J is in- 
variable and if it is other than zero its value depends upon an 
outside action which has nothing to do with the wave motion. 
Therefore if we wish to consider a plane electromagnetic wave 
perpendicular to the z-axis and if we are concerned only with 
the y-component of the electric field we need only use the follow- 
ing equations 

D2 Vee VOL eV 

dO ye ade? (07) 
and 

dN ae aN 

dP = yn’ de Ce 


* Unless indeed the electric or magnetic field is associated with some outside action 
having nothing to do with the wave motion. 
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These equations are identical in form to equations (iii) and (iv) 
of Art. 40, and their solution is similar. The velocity of an 
electromagnetic wave is therefore equal to V/V/wx, and in air 
(“= 1 and «=1) the velocity is V, where V is equal to 
2.99 x 10". The equality of magnetic and electric energy at 
each point ina pure wave (wave which travels without change 
of shape) may be shown by an argument similar to that which 
is used in Art. 40 to show the equality of potential and kinetic 
energy at each point in a pure wave in a canal. 


58. Energy of the electromagnetic field. Poynting’s Theorem. 
The magnetic energy per unit volume near a point in an electro- 
magnetic field is /8m-(L’ + 17? + N*),* and the electric energy 
per unit volume near the point is «/8m7V?-(X? + Y? + 2”).+ 
Therefore the total energy in a volume element Art is 
1/87 -[p(L?4+ MW? + N*) 4+ «/V?-(X?+ Y?+ Z’)] Ar and the 
total energy in a given region is expressed by the volume integral: 

I 

WV = o 


Cf | au Beye evs ype (7 ey 2%) | dr (60) 
the integral being extended throughout the given region. 

Poynting’s theorem. If the quantity of energy W ina given 
portion of an electromagnetic field is changing it is evident that 
energy must be flowing into or out of the region across its bound- 
ing surface. But the rate at which energy flows across a bound- 
ing surface is a surface integral, and the rate at which the total 
energy in the region is changing is a volume integral, being the 
summation of the rates of change of energy in all the small por- 
tions of the region. Therefore to establish an expression for the 
energy stream it is necessary to find a distributed vector whose 
surface integral taken over the bounding surface of a region is 
equal to the following volume integral extended over the whole 
of the enclosed region. 

* See Franklin and McNutt, Llectricity and Magnetism, page 185. 


+ Sec Franklin and McNutt, Llectricity and Magnetism, pages 76-81. 
14 
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K aX aYV WWE 


(70) 


The desired formulation can be made without much difficulty 
by substituting the values of the time derivatives from equations 
(61) and (62) in equation (70), and making use of the ideas de- 
veloped in Art. 51. It is in this way that Poynting’s theorem 
was originally established.* It is desirable, however, to assume 
Poynting’s theorem as stated on page 64, establish an expression 
for the surface integral of energy flow out of a given region, and 
show that this surface integral is equal to the expression given in 
equation (70). 

Let A, B and C be the components of the energy stream 
at a point so that A-dydz is the energy per second which flows 
across the element of area dy-dz, B-dzdyx is the energy per 
second which flows across the the element of area dz- dx, and 
C:-dxdy is the energy per second which flows across the element 
of area dxdy. Then the divergence of the energy stream is 
adAldx+db/dy+dC/dz (see Art. 50), and according to Art. 
51 we have 


stream over the boundary of energy stream throughout 


Surface integral of energy volume integral of divergence 
of a region the region 


or, according to equations (484) (50) and (51) 


| (Adydz + Bdxdz + Cdxdy) 


dA aB ac 
={ff Zhe Tp adds (71) 


in which drdydz is writtenfor dr. It remains to show thatthe 


* Philosophical Transactions, Vol. 175, Part II, page 343, 1884. A very good 


discussion of Poynting’s theorem is given on pages 337-340 of Principles of Electric 
Wave Telegraphy, by J. A. Fleming. 
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second member of equation (71) is equal to the second member 
of equation (70). 

The general expression for the energy stream at a point, accord- 
ing to equation (4) on page 67, is 1/4m+He sine, where H is 
the intensity of the magnetic field at the point, e¢ is the intensity 
of the electric field at the point, and ¢ is the angle between 
and e. Therefore the components of the energy stream are * 


ZN) 
47 


I 
and 


Sender 
47 


Substituting the values of 4A, B and C from equations (72) 
in the right hand member of equation (71), and collecting terms 
in the proper order, we have : 


I aN aM 
f [Aga + Bdede + Cdxdy = al 2G = =) 
aL dN dM aL dZ dV 
cy ¥(- =) (5 -*) = AG ~ =) (73) 


aA aZ AVIS 
“7 ali Bbe=relle 
in which a7 has been written instead of drdydz. But, by refer- 
ring to equations (61) and (62), it is clear that the second mem- 


ber of (73) is identical to the right hand member of (70). There- 
fore: 


a I i (Adydz + Badzdx + Cardy) (74) 


* The simplest view to take of equations (72) is to look upon them as the vector 
parts of the product of the vector (4 -- Y+2Z) by the vector (Z+4 7+ 1), 
remembering that the vector product A/Z isin the + direction of the «x-axis, and 
that the vector product VY is in the—direction of the «x-axis, so that the total 
x-component of the product of (X-+ Y+42Z) by (L+ M4 WN) is MZ— YN. 
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This result, namely, that the rate of change of the total electro- 
magnetic energy in a region is the surface integral of the vector 
A4+t£B+C over the boundary of the region, establishes the 
correctness of equations (72) as expressions for the components 
of the energy stream in the electromagnetic field.* 


59. Wave motion generated by moving charges +.— Imagine a 
charged sphere to be set in motion carrying its electric field along 
with it. Those points on the sphere at the ends of a diameter 
parallel to the motion may be called the poles of the sphere, and 


Ss 
mae 


oe 


side view front view 


Fig. 161. 


the region on the sphere midway between its poles may be called 
its equatorial region. The electric field which emanates from the 
equatorial region of the sphere moves sidewise and creates a 
magnetic field which circles around the sphere in planes at right 


* This proof is much simpler than the original proof given by Poynting because it 
avoids all consideration of the limits of a partial integration ; but of course the proof 
here given would hardly be considered satisfactory if we had not previously and 
independently derived an expression for the energy stream. 

t This entire article could be made to refer to wave motion produced by moving 
magnet poles by substituting the words magnetic field for electric field, and electric 
Jjield for magnetic field throughout. 
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angles to the direction of the motion. Consider the electric field 
which emanates from the sphere at any point distant ¢° from 
the equator. The component, parallel to the equatorial plane, 
of this field moves sidewise and produces magnetic field which 
circles around the sphere in planes parallel to the equatorial 
plane. The magnetic field which is thus produced in the neigh- 
borhood of a moving charged sphere intensifies by its inducing 
action the component of the electric field which is parallel to the 
equatorial plane at each point, and the result is that the electric 
lines of force which emanate from the charged sphere turn more 
and more into directions parallel to the equatorial plane as the 
speed of the sphere increases. At low speeds this concentration 
of the electric field into the equatorial plane is entirely negligible, 
but at speeds approaching the velocity of light the effect is very 
marked. The general equations of the electromagnetic field 
lead one to infer that the electric lines of force would emanate 
from a charged sphere as shown by the fine lines in the side view 
of Fig. 161 if the sphere were moving at the velocity of light in 
the direction of the heavy arrow V. The dots in the side view 
in Fig. 161 represent the magnetic lines of force which circle 
around the charge as shown in the front view. The radial lines 
in the front view are the lines of force of the electric field.* A 
detailed discussion of the theory of moving charges is beyond 
the scope of this text but the state of affairs represented in Fig. 
161 is extremely useful in giving a simple insight into some of 
the most important phenomena of electromagnetic waves. 

Wave sheets in space. —The mathematical investigation of the 
electromagnetic effects due to charges moving at moderate veloc- 
ities is quite complicated. This is exemplified by the theory of 
the Hertz oscillator as originally developed by Hertz.f When 


* The solution of the general equations of the electromagnetic field in the region sur- 
rounding a moving charged sphere was first developed by J. J. Thomson. See Recent 
Researches, pages 16-23, Oxford, 1893. 

+ This theoretical discussion may be found in Jones’s translation of Hertz’s Electric 
Waves on pages 137-155. 

A good discussion of this matter is given on pages 330-352 of Fleming’s Principles 
of Filectric Wave Telegraphy. 
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the velocity of a moving charge is equal to the velocity of light, 
however, the wave motion, as inferred from the general equations 
of the electromagnetic field, becomes very simple, and some of the 
most important facts concerning the establishment of electric and 
magnetic fields can be clearly understood by considering the wave 
sheets which would be produced by charges moving at the 
velocity of light.* Consider a positive charge at f, Fig. 162, 


Fig. 162. 


with electric field emanating from it in all directions, and imagine 
this charge to be suddenly jerked into motion at the velocity of 
light as indicated by the heavy arrow JV in Fig. 162. After ¢ 
seconds the charge would be at g’, having moved through the 
distance V¢; this sudden motion of the charge generates a 
spherical wave sheet SSSS with its center at p; this spherical 
wave sheet as it moves outwards at velocity V in all directions 
from / wipes out the electric field, as it were ; and when the dis- 
tance Vt becomes very great, the spherical sheet SSSS becomes 


* This method is due to Heaviside. See Electromagnetic Theory, Vol. I, pages 
57-65, and Vol. II, pages 367-372. 
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sensibly a plane sheet with the charge at its center, as represented 
in Fig. 161. The electric lines of force in the wave sheet SSSS, 
Fig. 162, emanate from the positive charge at 4’ and trend along 
the ‘‘ meridian lines” of the 
spherical sheet as indicated 
by the arrow-heads. The 
magnetic lines of force in 
the wave sheet SSSS cir- 
cle around the point 7’ 
along “parallels of lati- 
tude.” 

Consider two equal and 


opposite charges A and B Fig. 163. 

lying close together and 

producing no electric field. If one of these charges B were 
suddenly jerked into motion at the velocity of light as indicated 
by the heavy arrrow V in Fig 163, a spherical wave sheet 
SSSS would travel out- 
wards from A; and this 
wave sheet would establish 
the radial electric field which 
is represented by the fine 
radial lines of force in Fig. 
102.9ee se. ccording=-to: the 
modern electron theory a 
free charge (positive or nega- 
tive) is always produced by 
the separation of positively 
and negatively charged 
particles, and, if one of these 


eeree ae 
i charges remains stationary, 
: the electric field is built up 
around it by wave motion 
some what as represented in Fig. 163. The heavy arrow-heads 


in Fig. 163 show the trend of the electric lines of force in the 


Fig. 164. 
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wave sheet, and the magnetic lines of force in the wave sheet 
circle around # as in Fig. 162. 

Imagine the moving charge at f’ in Fig. 162 to have traveled 
to a great distance from the point ~. Then the spherical wave 
sheet in the neighborhood of /’ would be a plane wave sheet 
like that represented in Fig. 161. Fig. 164 represents what 
would take place if the moving charge were to be suddenly 
brought to rest. The wave sheet SS; Fig. 164, would continue 
to travel at the velocity of light, and a spherical wave sheet 
S’S'S’S’ would travel outwards from /’, laying down the elec- 
tric field around the stationary charge at f’ as represented by the 
radial arrows. 

Imagine two equal and opposite charges moving towards each 
other with the velocity of light, each charge being accompanied 
by a plane wave sheet as represented in Fig. 161, and imagine 
the two charges to be brought to rest at the instant they come to- 
gether. Figure 165 represents the state of affairs ¢ seconds after 


Fig. 165. 


the collision, if collision it may be called. The plane wave sheets 
SS, and S,S, which were moving with the charges, continue to 
travel onwards, and the spherical sheet SSSS emanates from the 
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point where the collision took place. In this case, however, no 
electric field is laid down by the spherical wave sheet as it spreads 
out from its center AB. 

Figure 166 shows what takes place when two equal and oppo- 
site charges A and & are jerked apart each at the velocity of light. 
A spherical wave sheet SSSS emanates from the point » where 
the two charges A and JL were initially located. 


Fig. 166. 


60. Theory of the Hertz oscillator. The solution of the gen- 
eral equations of the electromagnetic field, namely, equations 
(61), (62), (63) and (64) in the region surrounding a very small 
Hertz oscillator was first established by Hertz.* Some idea of 
the action of the Hertz oscillator may be obtained by imagining 
the oscillating charges to be jerked backwards and forwards at 
the velocity of light. In this case the waves which emanate 
from the oscillator would be very simple, as shown in Figs. 167 
and 168. 

Two equal and opposite charges A and B& are located initially 
at the point O in Figs. 167 and 168, and suddenly jerked apart 
at the velocity of light and brought to rest in the positions A 


* See Jones’s translation of Hertz’s Llectric Waves, pages 137-155. A good treat- 
ment of this subject is to be found in Fleming’s Principles of Electric Wave Teleg- 
raphy, pages 329-342. This discussion in Fleming’s book includes also a derivation 
of the equation expressing the rate at which energy is radiated by an oscillator. 

The theory of the damped oscillator has been developed by Karl Pierson and 
Alice Lee. See Principles of Electric Wave Telegraphy, pages 343-352. 
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and B as shown in Fig. 167. A spherical wave sheet ssss, 
emanates from the point O at the instant of separation of the 
two charges; when the two charges have reached the points 
A and B, this wave sheet is a sphere of which AZ is a diam- 
eter; at the instant of stopping of the charges A and £& two 
spherical wave sheets SS, and S,.S, emanate from the points 
A and #8; and Fig. 167 shows the position of the. three wave 


Fig. 167. 


sheets at a given instant. The wave sheet SS establishes the 
radial field due to the positive charge A alone, the wave sheet 
S,S, establishes the radial field due to the negative charge B 
alone, and the region which is enclosed by both S, and S, is 
the region in which the total electric field due to both charges is 
fully established. 

Imagine the wave sheets in Fig, 167 to have traveled outwards 
to a great distance, thus establishing the field due to the two 
stationary charges A and JS; the fine curved lines ccc in Fig. 
168 represent this field. After this field has been established, 
imagine the two charges A and B to be jerked into motion at 
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the velocity of light towards each other, and brought to rest 
when they reach the point O in Fig. 168. At the instant of 
starting a spherical wave sheet SS, would emanate from 4, 


Fig. 168. 


and a spherical wave sheet S,S, would emanate from £, as 
explained in connection with Fig. 162 ; the wave sheet SS, wipes 
out that part of the field which is due to the charge A, leaving 
in the region 660 the field which is due to charge 4, alone; 
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and the wave sheet .S,.S, wipes out the field which is due to charge 
&, leaving in the region aaa the field which is due to charge A 
alone. In the region which is enclosed by both S, and S, 
the electric field is entirely obliterated, except In the wave sheet 
ssss which emanates from the point O at the instant when the 
charges A and 4 come together, as explained in connection 
with Fig. 165. 


CHAD TERS vl; 
ELECTRIC WAVE TELEGRAPHY.* 


61. Marconi’s work. }— A complete installation of apparatus for 
electric wave telegraphy consists of a Hertz oscillator at the send- 
ing station with arrangements for setting it into oscillation, and a 
similar oscillator (resonator) at the receiving station with a detec- 
tor device which is actuated by the electric oscillations of the receiv- 
ing resonator. The oscillator at the sending station and the resona- 
tor at the receiving station were at first made in the form of long 
vertical wires suspended by kites or held in position by insulating 
supports, and they are usually called antenne. Figure 169 
shows Marconi’s apparatus for electric wave telegraphy as used 
in 1896; A,A, are strips of wire netting supported by insulators 
NN from cross-arms at the top of two tall masts J/17. These 
strips of wire netting together with their connections to earth con- 
stitute the sending antenna and the receiving antenna respectively. 
The transmitting antenna is connected to earth through a series 
of short spark gaps .S, and its electric oscillations are excited by 
the induction coil 7 by closing the key A. The electric waves 
emitted by the sending antenna produce electrical oscillations in the 
receiving antenna, and the slight amount of electric current which 
surges to and fro through the coherer C causes the coherer to 
become conducting, so that the battery & produces current 

* For a full discussion of this subject see J. A. Fleming’s splendid work, 7he Prin- 
ciples of Electric Wave Telegraphy, Longmans, Green & Co,, 1908. This work 
contains a very complete discussion of the following subjects, (a2) electric oscillations, 
(4) high frequency electric measurements (measurement of high frequency current and 
of inductance and capacity), (c) damping and resonance, and (d ) electromagnetic 
waves on pages I-418, and a very complete survey of the methods and appliances in 
electric wave telegraphy is given on pages 419-653. 

+ A full account of the work of Marconi is given on pages 419-463, and an account 
of the contributions tc the development of electric wave telegraphy by others is given 
on pages 465-544 of Fleming’s Principles of Electric Wave Telegraphy. 
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through the coherer and actuates a relay 2, which in turn 
actuates a telegraph sounder or recorder 7. Two coils of wire 
(inductances) ZZ prevent the high frequency currentin C from 
flowing through the relay R to earth while they permit the 
current from the battery B to flow through the coherer. 


transmitting station receiving station 
Fig. 169. 


Figure 169 shows the essential features of the present-day 
apparatus for electric wave telegraphy, and the improvements 
which have been made since 1896 may be described under three 
headings : (1) The methods of exciting the electrical oscillations 
of the sending antenna, (2) the details of construction of the send- 
ing and receiving antenne ; and (3) the design of the detector C. 


62. Simple modes of oscillation of a Hertz oscillator. — The 
electrical oscillation of a straight rod, as described in detail in 
Art. 21, is very different from the electrical oscillation of the 
two wires of a transmission line. An element of a transmission 
line includes a portion of each of the wires, and every such ele- 
ment of a transmission line has the same inductance Z and the 
same capacity C; the velocity of progression of an electric wave 
is therefore the same at all points along a transmission line ; con- 
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sequently a transmission line which is vibrating in a higher mode 
breaks up into a number of vibrating segments of equal length, 
except the segments which are at the ends of the lines, exactly 
as in the vibration of an air column with open ends; and there- 
fore the frequencies of the 
successive simple modes of 
oscillation of a transmission 
line are approximately propor- 
tional to the successive whole 
numbers. The vibrating seg- 
ments of a straight rod, how- 
ever, are not of equal length, 


200emeters. 


and the frequencies of the suc- 
cessive simple modes of oscil- 
lation of a straight rod are not 
even approximately propor- 
tional to the successive whole 
MU DeLrsmt 412s A. 8 etc. 


Consider those successive voltage current 
distribution distribution 


€-------- 


simple modes of oscillation of 


a straight rod for which there OLE aad tad 


: Fig. 170. 
is a voltage node at the center 


of the rod. For every such mode of oscillation the middle of the 
rod might be connected to an infinite conducting plane at right 
angles to the rod without altering the character of the oscillations. 
The presence of the conducting plane makes the two ends of the 
rod electrically independent of each other, and therefore a rod 
which stands upon an infinite conducting plane (like the sending 
or receiving antenna in Fig. 169, for example) vibrates exactly as 
one half of a rod of doubled length. Figure 170 represents the 
voltage and current distributions along an antenna which is oscil- 
lating in its fundamental mode. The horizontal distance from 
the vertical line to the dotted curve in the left-hand part of the 
figure represents the effective value of the alternating voltage 
between that point on the rod and the ground, and the distance 
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from the vertical rod to the dotted curve in the right-hand part 
of the figure represents the effective value of the alternating cur- 
rent at the given point in the rod. Figure 171 represents the 
current and voltage distributions along an antenna which is oscil- 
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lating in its second mode, and Fig. 172 represents tlre voltage 
and current distributions along an antenna which is oscillating 
in its third mode.* The oscillation of the antenna A, in Fig. 
169 which is produced by the formation of a spark across gaps 
S consists principally of the fundamental mode, although higher 
modes of oscillation are present to some extent. The length of 


* The numerical values in Figs. 171 and 172 are taken from the observed positions 
of the nodes on a long coil like SS in Fig. 123 with the small fine wire WW re- 
moved. See Fleming’s Principles of Electric Wave Telegraphy, page 256. The 
positions of the nodes on a straight rod or long coil depend upon the shape of the 
conducting surface upon which the rod or coil stands, and this is not specified in the 


experiments of Fleming. 
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the antenna in Fig. 170 is approximately equal to one quarter * 
of the wave-length of the electromagnetic waves which are 
emitted, and the length of one of the vibrating segments in Figs. 
171 and 172 is approximately equal to one half of the wave- 
length of the electromagnetic waves which are emitted by the 
antenna. 


63. System of waves emitted by a Hertz oscillator. — Figure 173 
shows a snap-shot, as it were, of the electric lines of force in the 
waves which are emitted by an oscillating antenna A. The dots 
represent the lines of force of the magnetic field. + 


64. Recent forms of sending antennz.— In order to prouced 
electric waves of great energy intensity, it is necessary to store as 
much electric energy as possible in the antenna before the break- 
ing down of the spark gap S in Fig. 169. This initial store of 
energy is wholly electric energy, and its amount is proportional 
to the capacity of the upper part of the antenna with respect to 
earth, and proportional to the square of the voltage which is re- 
quired to break across the spark gap. Therefore it is desirable 
to give the antenna a very large capacity with respect to the 
earth.{ Figure 174 shows the sending antenna at the Marconi 
station at Cape Breton, Nova Scotia. The supporting towers 
are 210 feet high, and they support (by means of insulating links) 
the large funnel-shaped net-work of wires which constitutes the 
antenna proper. 


* Exactly equal to 1/5.06 of the wave-length if the antenna is very slender, See 
Adams’ Prize Essay on ‘ Electric Waves’’? by H. M. Macdonald, Cambridge Uni- 
versity Press, 1902, page III. 

+ This sketch is based upon Hertz’s solution of the general equations of the electro- 
magnetic field in the neighborhood of a small oscillator. See Hertz’s Electric Waves 
(Jones’s translation), pages 137-150. See also Fleming’s Principles of Electric 
Wave Telegraphy, pages 328-352. 

+ A very large capacity with respect to the earth might be obtained by using a large 
horizontal wire net forming a large-capacity condenser with respect to the surface of 
the ground, When such a net is discharged, however, it does not emit its energy 
rapidly in the form of electromagnetic waves, because such a system is to some extent 
a closed oscillating system.’ Thus, an oscillating transmission line radiates energy 
only at its ends and such a transmission line is to a great extent a closed oscillating 
system. 
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Marconi showed in 1906 * that the radiations of an inclined 
antenna are much more intense in the direction opposite to that 
in which the inclined antenna points than in any other direction ; 
such an inclined antenna is most strongly affected by waves com- 
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ing from the direction in which its radiation would be most in- 
tense. When it is desired to send signals from a wireless tele- 
graph station in a certain direction, this property of an inclined 
antenna is made use of, the practical form of the inclined antenna 
being a long band of horizontal wires supported at a considerable 

* See paper ‘‘On Methods Whereby the Radiation of Electric Waves May be 
Mainly Confined to Certain Directions, and Whereby the Receptivity of a Receiver 
May be Restricted to Electric Waves Coming from Certain Directions,’’ Proceedings 


of the Royal Society of London, Series A, vol. 77, page 413, 1906. See Principles 
of Llectric Wave Telegraphy, J. A. Fleming, pages 624-644. 
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height by insulating supports and brought down at one end to the 
spark gap in the sending station. 

The above described property of the inclined antenna is some- 
times made use of to locate the direction of an invisible ship from 
which electric wave signals are being received. An inclined re- 
ceiving antenna is turned around until the signals are at a maxi- 
mum intensity. The inclined antenna then points directly away 
from the ship. 


65. Methods of exciting electric oscillations.— The method 
usually employed to excite the oscillations of a sending antenna 
is by charging the antenna and allowing it to discharge across a 
spark gap to earth as above described. In some cases the oscil- 
lations are produced by charging an auxiliary condenser and 
allowing it to discharge through an inductance coil, the oscilla- 
tions of this circuit being delivered to the sending antenna by 
some mode of coupling. Thus Fig. 175 shows what is called 
inductive coupling. The in- 
duction coil // charges the 
condenser C, and the con- 
denser discharges across the 
spark gap g through the in- 
ductance LZ’. The induct- 
ance ZL’ constitutes the pri- 
mary coil of a transformer of 
which the secondary coil L/’ 


is in the antenna circuit. 


Bigs t75. 


When the mutual inductance 
of the two coils Z’ ZL’ is very large, we have what is called 
rigid coupling and when the mutual inductance is small, we have 
what is called loose coupling.* 

Figure 124 shows a slight modification of inductive coupling. 
The terminals 77 may be connected across a portion only of 


* The theory of loosely coupled circuits is given in some detail in Fleming’s Prin- 
ciples of Electric Wave Telegraphy, pages 217-230. This theory has been developed 
in the most complete manner by Louis Cohen of the United States Bureau of Stand- 
ards. See Bulletin of Bureau of Standards, for 1909. 
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the inductance “£* thus giving what is equivalent to the arrange- 
ment known among electrical engineers as the autotransformer. 
Figure 120 shows what is called electrostatic coupling, a modifi- 
cation of which is sometimes used in electric wave telegraphy. 
Lhe singing arc.{ —It was shown by Poulsen in 1903 that 
electric oscillations of very considerable intensity are steadily 
maintained through an inductance and condenser which are con- 
nected in series with each 
other across the terminals 


of an electric arc, as shown 
in Fig. 176, in which 4 direet-current 


is a ballast consisting of Eee) 


resistance and inductance, 
and £.and C constitute c 


the oscillating circuit. This 


ey 


ae: 4 Pigai26. 
mode of exciting electric 


oscillations has been applied to electrical wave telegraphy and 
more recently to electric wave telephony. 


66. Electric wave detectors. {|— The type of detector which was 
used in the early experiments of Marconi was Branly’s coherer 
which consists of a small quantity of metal filings lying loosely 
between the ends of two metal rods. Figure 177 shows the 


Fig. 177. 


essential features of the coherer; 77 is a containing tube of 
glass or porcelain, and J7 represents the metal filings between 


* Fig. 124 shows only a portion of Z in the condenser circuit, the statement here 
refers to the connection of the terminals 77Z across a portion of this portion. 

+ The Poulsen arc is quite fully discussed in Fleming’s Principles of Electric Wave 
Telesrabhy, pages 644-653. 

+ A very complete discussion of electric wave detectors is given in Fleming’s 


Pr.nciples of Electric Wave Telegraphy, pages 353-404. 
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the two metal plugs PP. The coherer is inserted in the circuit 
of the receiving antenna as shown at C in Fig. 169. The con- 
taining tube is kept in constant mechanical vibration so as to 
continually separate the metal filings, and under these conditions 
the battery current from 4, in Fig. 169 can flow through the 
coherer only while the receiving antenna is oscillating electrically 
under the influence of waves from the sending antenna. 

Another form of detector due to Klemencic is shown in Fig. 
178 as arranged for observations in the laboratory. A Hertz 


to galvuanometer 


to galvanometer 


Fig. 178a, Fig. 178b. 


oscillator (resonator) AB is set into oscillation by waves from a 
similar Hertz oscillator. The surges of current flow through the 
extremely fine wires a@é of iron and constantin and heat the 
junction 7. The wires a’ and 0’ thus constitute a thermo- 
element, and connections are made to a very sensitive galvanome- 
ter as indicated in Fig. 178a. 
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67. Harmonic analysis. Fourier’s theorem. — Before undertak- 
ing to discuss the causes of non-harmonic electromotive forces 
and currents, and before undertaking to describe the phenomena 
which are associated with non-harmonic electromotive forces and 
currents in the principal types of alternating-current machines, it 
is necessary to discuss a theorem concerning the resolution of 
any given non-harmonic electromotive force or current into har- 
monic parts. A general statement of this theorem is as follows: 
Consider any periodic electromotive force or current of which the 
period is Z seconds. This electromotive force or current may 


y-axis 
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Fig. 179. ™ 


be resolved into a series of harmonic parts of which the periods 
omen) 2) od | 4 | Se etc. the effective value of each 
of these parts being determinate, as explained later. Stated in 
another way, this theorem is as follows: A periodic curve of any 
shape whatever, for example, the periodic-curve shown in Fig. 
179, may be exactly matched by piling, one upon another, a series 
of sine and cosine curves of which the wave-lengths are T, T/2, 
T/3, 7/4, T/5, etc.,where T is the wave-length of the given 
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periodic curve, the amplitudes of the various sine and cosine 
curves being determinate as explained later.* 

The harmonic parts into which any given alternating electro- 
motive force or current may be resolved are called the harmonic 
components or simply the harmonics of the given electromotive 
force or current. That harmonic which is of the same frequency 
as the given alternating electromotive force or current is called 
the fundamental harmonic, and the others are called the double 
harmonic, the triple harmonic, the quadruple harmonic, etc., in 
order. It is shown later that only odd harmonics occur in the 
electromotive force and current curves which are ordinarily met 
with in practice. 


68. Mathematical formulation of Fourier’s theorem. — Before 
attempting to formulate Fourier’s theorem it is necessary to con- 
sider the algebraic equations for sine or cosine curves of which 
the wave-lengths are Z,{ 7/2, 7/3, etc. Thus the equation 
to a sine curve of which the period is 7/x is 


2mnt 


Ig 


Y= Asin 


where A, isaconstant and ¢ is elapsed time reckoned from 
any chosen instant. The angle 2an¢t/7T changes from zero to 
2mn (that is, from zero to 2x 360°) while ¢ changes from 
zero to 7, that is during one period of the given non-harmonic 
electromotive force or current. Therefore A, sin 2rut/T isa 
harmonic electromotive force or current which passes through x 
complete cycles during one period of the given electromotive 
force or current, and the coefficient A, is its maximum value, 
or A/V 2 is its effective value. 

* One of the best mathematical discussions of Fourier’s theorem is to be found 


in Byerly’s Fourter’s Theory and Spherical Harmonics, Ginn & Co., 1893, pages 4— 
8 and 30-68. 

+ The words geriod and wave-length are used synonymously in this discussion of 
Fourier’s theorem. ‘The period is the time of a complete cycle of electromotive force 
or current, and the wave-length is the length of one complete wave of the electro- 
motive force or current curve. 
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Other matters which must be clearly understood before enter- 
ing into a discussion of Fourier’s theorem are the following : 

(1) The average value, during a complete cycle, of the sine 
square (or the average value of the cosine square) of a uniformly 
variable angle * is equal to one-half. 


(2) The average value, during a complete cycle, of the product 


_ Paris 2976 
Si aa <6 Sil a 
7 7 


is equal to zero when x” and m are different integers. 
(3) The average value, during a complete cycle, of the product 


2mnt 27m 
cos —=— X cos —— 
L a 


is equal to zero when 2 and wm are different integers. 
(4) The average value, during a complete cycle, of the product 


~ Arias 2T70t 
Gl) =a Ss GOS — 


a gf 

is equal to zero when w# and m are integers, equal or unequal. 

A clear understanding of these four propositions is absolutely 
essential, and the discussion of a few particular cases is more to 
the purpose than an elaborate algebraic proof. It is important to 
note that the only difference between a sine curve-and a cosine 
curve is that the ordinate of the sine curve is zero where the or- 
dinate of a cosine curve is a maximum. Thus both curves in 
Fig. 180 are sine curves if the abscissas (angles) are measured 
from the point O; both curves in Fig. 181 are cosine curves if 
the abscissas (angles) are measured from the point O; one of 
the curves in Fig. 182a is a sine curve and the other is a cosine 
curve if abscissas are measured from the point O; and curve I 
isa sine curve and curve 2 is a cosine curve in Fig. 1820, if ab- 
scissas are measured from the point 0. 


*Thus 2nt/7 is a uniformly variable angle because it is proportional to the 
elapsed time 7, 22/7 being a constant. 
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Figure 180 represents a special case of proposition (2) above, 
namely, the case in which xm=1, and m=2. Figure 181 


vA 


represents a special case of proposition (3) above, namely, when 
m#=1 and m=2. Figure 182a@ represents a special case of 


proposition (4),namely, when z= 1 and m=1, and Fig. 1820 


I 


Co Dae 


+ 


mp tier ree foe te 
Fig. 181. 


represents a special case of proposition (4), namely when x= 1 
and m=2. ‘The product of the ordinates of the two curves in 
each of these figures passes through exactly similar sets of values 
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in the regions dA and 4’, in the regions & and BS’, etc., but 
the values are opposite in sign, so that the average value of the 
product is in each case equal to zero. 

A curve which is to be resolved into harmonic components may 
be either an arditrary curve, of which a complete wave is made 
up of simple algebraic curves such as portions of straight lines, 


y-axis 


Fig. 183. 


arcs of circles, and so on; or a curve to be resolved into har- 
monic components may be an actual electromotive force or cur- 
rent curve as determined by an oscillograph, or an actual tide 
cutve as determined by a tide recorder. Thus, Figs. 183, 184, 

* The student should plot the curves of which the ordinates represent the products 
of the ordinates of the sine and cosine curves in Figs. 180, 181 and 182; and draw- 


ings should be made somewhat similar to Figs. 180, 181 and 182, but for other values 


of #2 and mm. 
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185 and 186 are arbitrary periodic curves of which one complete 
wave (one complete cycle) is made up of portions of straight lines, 
and Fig. 214 is one half of a complete alternating electromotive 
force wave as determined by actual observation. 


y-axis 


Fig. 184. 


Let y be the ordinate of a given periodic curve at time 4 as 
indicated in Fig. 179. Then Fourier’s theorem may be written 
in the form 
2 Tit Te 5 Baie 


. 4 
7 + A, sin“Fe + +++ + A, sin r 5) 


ee pete inl 


27t 47t 27 nt 
r + B, cos aaa Fost, BY COs Fr 


+ B, cos 


y-axis 


: 
! 1 


7 i 
I ae 


Fig. 185. 


To understand the significance of the terms in equation (75) 
let us consider the general term A, sin 2ant/7, and the general 
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term £, cos 2mnt/7. Now the angle 27nt/T is equal to zero 
when ¢=0, and it is equal to 27 or 360°, when ¢= 7/n, so 
that the angle 2a¢/T increases from zero to 27 (that is from 


y-axis 


Fig. 186. 


zero to 360°) while ¢ changes from zeroto 7/x, that is, during 
I/nth ofacycle. Thatistosay, A, sin 27nt/7 is the ordinate 
of a sine curve which has 2 complete cycles during one cycle of 
the original given curve. Similarly, the expression B, cos 2ant/T 


Fig. 187. 
Positive values of 4n and By. 


is the ordinate to a cosine curve which has x complete cycles 
during one cycle of the original given curve. Equation (75) 
therefore expresses the ordinate of the given periodic curve as the 
sum of the ordinates of a series of sine and cosine curves of which 
the periods are. 1,11 [2,7 7/3, 2/4, etc. 
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The trend of the sine and cosine curves which correspond to 
positive and negative values of the coefficients A, and £, is 
shown in Figs. 187 and 188. 

Concerning coefficient A,.— Consider the average value of each 
member of equation (75) during a complete cycle. The average 


Fig. 188. 
Negative values of 4, and 2,. 


value of the left-hand member is the average value of y during 
the cycle, and the average of every term in the right-hand 
member is zero except 
the constant term A). 
Therefore A, is equal 
to the average value of 


y during one cycle, that 


1S 


axis of time ’ 


1 7? 
A= a [ yd (76) 


The coefficient A, is 
therefore equal to zero 
when the average value 
of the ordinate of the 
periodic curve during 
one complete cycle is equal to zero. This is always the case 
in alternating electromotive force and current curves. 

Conditions under which the A coefficients or the B coefficients 


are equal to zero, — Figure 189 shows the portion of a sine curve 


Figl893 


HARMONIC. ANALYSIS. 225 


near the origin of codrdinates, and Fig. 190 shows a portion of 
a cosine curve near the origin of coordinates. In Fig. 189 (sine 
curve) the ordinates corresponding to the abscissas + ¢ and —¢ 
are equal to each other in value but opposite in sign. In Fig. 
IgO (cosine curve) the ordinates corresponding to abscissas +7 
and —f¢ are equal to each other in value and of the same sign. 
Whenever the given periodic curve has the kind of symmetry 
with respect to the y-axis, that is possessed by a sine curve (Fig. 
189), then the 4 coefficients in equation (75) are equal to zero ; 
that is, the given periodic curve is resolvable into a series of sine 
curves. Thus, the curves shown in Figs. 183 and 185 are 
resolvable into series of sine curves. 

Whenever the given periodic curve has the kind of symmetry 
with respect to the y-axis, that ts possessed by a cosine curve 
(Fig. 190), then the A coeffi- 
cients are equal to zero; that is, 
the given periodic curve is re- 
solvable into a series of cosine 


curves. Thus, the periodic curve 
shown in Fig. 184 is resolvable 
into a series of cosine curves. 

It often happens that a given 
periodic curve may be resolved 
into a series of sine curves or into a series of cosine curves ac- 


axis of time 


Bigs 190s 


cording to the choice of the origin of coordinates. Thus, the 
curve shown in Fig. 183 is resolvable into a series of sine curves 
and the same curve in Fig. 184 is resolvable into a series of 
cosine curves. 

Whenever a given periodic curve possesses neither kind of 
symmetry (Figs. 189 and 190), then the curve is resolvable into 
a series of sine curves and a series of cosine curves. Thus, the 
curves in Figs. 179 and 186 are each resolvable into a series of 
sine curves and a series of cosine curves. 

Resultant harmonic of the nth order. — The two terms of the th 
order in equation(75),namely, A, sin 2zut/T and BL, cos 2mut/T, 

16 


226 ELECTRIC WAVES. 


are together equivalent to a single harmonic curve because we 


may write 


2mnt 2mnt 
Peet 2mut + B. cos 1G So ( ae Eo é,) (77) 


Ta 


in which “Cand” @ sare 
constants which depend 
upon A, and B,. In fact 


C,= VA? + B® (78) 


B 
aly a (4°) 


Figs 19h: 


This is evident when we consider that A, sin 2mnt| T and 
B cos 2mnt | T are two harmonicelectromotive forces (or currents) 
in quadrature with each other as shown in the clock-diagram, 


one cycle wave-length T 


Se ere Ss 


Fig. 192. 


Fig. 191. In determining the value of @, the algebraic signs of 
A, and &, must be duly considered. If it is desired to plot the 
resultant zth harmonic as shown in Fig. 192, the distance d@ must 
be made equal to @,7/(360x), the value of @, being expressed 
in degrees. 


69. Even and odd harmonics. — Under certain conditions, a 
periodic curve has odd harmonics only (no harmonic of an order 
divisible by two), under certain conditions a periodic curve has no 
harmonic of an order divisible by 3, under certain conditions a 
periodic curve has no harmonic of an order divisible by 4, and so 
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on. The most important case for present purposes is the case in 
which only odd harmonics occur. Thus, the alternating electro- 
motive force and current curves which occur in practice have only 
odd harmonics. This is evident from the following considerations : 


Fig. 193. 


The north and south poles of an alternator are always alike as 
shown in Fig. 193. Therefore an alternating electromotive force 
curve always has the kind of symmetry which is shown by the 


Fig. 194. 


curve in Fig. 193; starting from A or B (half a period apart), 
equal and opposite values of y occur in order, as shown by the fine 
vertical lines in the lower part of Fig. 193. This kind of sym- 
metry is possessed by all odd harmonics but not possessed by any 
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even harmonic, so that a curve like that shown in Fig. 193 can- 


not have an even harmonic. 
Figures 194 and 195 show that the triple harmonic curve No. 
3 has the kind of symmetry above specified, and the same is easily 


__one cycle (T seconds) ___ 


Fig.195. 


shown for any odd harmonic (sine or cosine). Every even har- 
monic (sine or cosine), on the other hand, passes through “ke 
values of like sugn when one starts from two points A and B 


Fig. 196. 


(half a period apart), as shown for the double harmonic sine curve 
in Fig. 196. 


70 Evaluation of coefficients in equation (75).— The general 
method of evaluating the coefficients A, and 2B in equation 
(75) is as follows : 
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The value of A, is given by equation (76), which is derived 
in Art. 68. 

Multiply both members of equation (75) by sin 2ant/T7, and 
consider the average value of each member of the resulting equa- 
tion during a whole cycle 7 The average value of the left- 
hand member (y sin 2zu¢/7) will be 


I i. _ 2nnt ee 
7 |, y+ sin 7 - 
and the average value of every term in the right-hand member 


will be zero except the term A, sin’ 2xu¢/T; and the average 
value of this termis A,/2.* Therefore, 


I, i fC! Berge a 
Ze ES IEEE Abe i 
or 


BAP! Barge 
A,= Ff sin a at (80) 


Multiply both members of equation (75) by cos 2zu¢t/7, con- 
sider the average value of each member of. the resulting equation 
as above, and we find: 


QD ffm amnt 
eee a, 8 
oe T iL J COS 7 at (81) 


FHxample.- — Consider the periodic curve which is shown in Fig. 
197. The first wave of this curve consists of the straight line of 
which the equation is y=¢#, Therefore, substituting ¢ for y 
in equations (76), (80) and (81), we find the values of the coeffi- 
cients in equation (75), giving : 


Te “SIRI S | Sie ae Reh es 
Ihe Fan rom ee sin 7 aS sin a 


(82) 
Ih Dawa we 
ne +7 sin yp ar 


This series gives the value ¢ betweenthe limits =o to ¢= 7. 


* See propositions (1) (2), (3) and (4) in Art. 68. 
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Beyond these limits it gives the ordinate of the given periodic 
curve which is shown in Fig. 197 because each term in equation 
(82) remains unchanged in value when ¢ is increased by any 
multiple of 7, inasmuch as this is equivalent to increasing the 


angle 2rnt/T by a multiple of 360°. 


y-axis 
one cycle 
(T seconds) 


Fig. 197. 


71. Fischer-Hinnen’s method for evaluating the coefficients in 
equation (75).* — The integrations involved in equations (76), (80) 
and (81) cannot be performed algebraically unless y is a known 
algebraic function of 7 Therefore the coefficients in equation 
(75) cannot be determined algebraically from an experimentally 
determined electromotive force or current curve. To determine 
the A and #& coefficients for a given experimentally determined 
curve, actual step-by-step integration or mechanical integration 
may be resorted to. Thus a large number of equidistant ordi- 
nates (included in one cycle) may be measured, these ordinates 
may be multiplied by the corresponding values of sin 27n¢/T, 
and the sum of these products may be multiplied by 2 and divided 
by Z [according to equation (80)] to give the value of 4,; or 
the equidistant ordinates of the given experimentally determined 
curve may be multiplied by the corresponding values of cos 2mut | T, 
and the sum of these products may be multiplied by 2 and divided 

* This method is described by J. Fischer-Hinnen in the Electrotechnische Zeit- 


schrift for May 19, 1901. A very good discussion of the method is given by P. M. 
Lincoln in the Zvectric Journal for July, 1908. 
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by 7 [according to equation (81)] to give the value of B. 
This method for evaluating the coefficients in equation (75) is 
very tedious except when the integrations are performed by the 
harmonic analyzer as explained in the following article. Fischer- 
Hinnen’s method for determining the harmonic components of a 
given periodic curve is very easy to apply when the higher har- 
monics are negligible ; the method depends upon two propositions 
as follows: 

(1) Consider 2 equidistant ordinates of a sine or cosine curve 
(wave-length 7), the distance between adjacent ordinates being 
T[n. The algebraic sum of these ordinates is zero, Thus the 
algebraic sum of the equidistant ordinates in Figs. 198 to 201 is 
in each case equal to zero. In Fig. 198 the first ordinate a is 


Fig. 198. Fig. 199. 
Fig. 200. Fig. 201. 


at the middle point of a half-wave, but the algebraic sum of the 
two ordinates is equal to zero wherever the first ordinate may be. 
Similarly, the algebraic sum of the sets of ordinates in Figs. 199, 
200 and 201, respectively, is equal to zero no matter where the 
first ordinate of a set may be placed. 


Fig. 202. Fig. 203, 
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a 


The above proposition may be easily established in its general 
form by means of the clock-diagram which is so much used in 
the elementary theory of alternating currents. Equidistant ordi- 
nates of a sine or cosine curve are equal to the respective projec- 
tions on any fixed line of equidistant vectors a, bj 6.) Apmcies 


S33 N= 


Fig. 204a. . 


as shown in Fig. 202; and these equidistant vectors may be ar- 
ranged as the sides of a regular polygon as shown in Fig. 203. 
Therefore, the vector sum of a, 4, c, d, etc., is zero, and con- 
sequently the algebraic sum of their projections on any fixed line 
is zero. Figures 202 and 203 are constructed for 7 = 5. 


Fig. 204b, 


(2) Consider 2 equidistant ordinates of the mth harmonic 
curve (wave-length, Z/wz), the distance between adjacent ordi- 
nates being Z/x. The algebraic sum of these ordinates ts sero ae 
m 1s not multiple n. The truth of this proposition may be 
made evident by a detailed consideration of Figs. 204, 205 and 
206, as follows: The first ordinate a@ in Fig. 204a being located 
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arbitrarily, the distances to the other ordinates of the set are 4 
and 4,4/, or 23/ and 42/, respectively, where /(= 7/m) is the 
wave-length of the given harmonic. These ordinates are evi- 
dently the same exactly as ordinates at distances of }/ and 2/ 
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Fig, 2054. 


from a, asshownin Fig. 2040. Therefore the algebraic sum of 
the set of three ordinates is zero according to proposition (1). 
The first ordinate @ being located arbitrarily in Fig. 205@ the 
distances to the other ordinates of the set are #/, $/, 124, 12/, 
2#/ and 2#/, respectively, where / is the wave-length of the 
given harmonic. These ordinates are evidently the same exactly 


Fig. 205b. 


as ordinates at distances of #/,'2/, 27, #/, $/ and $/ from a, 
as shown in Fig. 2054. Therefore, the algebraic sum of the set 
of seven ordinates is zero, according to proposition (1). 

An example where m isa multiple of x is shown in Fig. 
206. Jn this case the ordinates lie in identically similiar positions 
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in the different waves of the given harmonic, so that the ordinates 
are all of the same value and of the same sign. Therefore their 


sum is not equal to zero. 


1 one cycle wave-length T 
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When xz isa multiple of mm there are / equidistant or- 
dinates in each complete wave of the given harmonic, and their 
sum is equal to zero according to proposition (1). 

When x and # have a common divisor @*, then we have 
n/d equidistant ordinates in m/d wave-lengths of the given 
harmonic, and m/d is not a multiple of 2/d. This case, there- 
fore, falls under one of the cases discussed in connection with 
Figs. 204 and 205, and therefore the algebraic sum of the ordi- 
nates is zero. 

Determination of the highest appreciable harmonic by Fischer- 
Ffinnen’s method. — Fischer-Hinnen’s method is practicable only 
when all harmonics higher than a certain order are negligible. 
Thus, in the alternating electromotive force and current curves 
which occur in practice, harmonics above the 13th or 15th are usu- 
ally negligible. Figures 207 and 208 show a given periodic curve, 
the origin O being arbitrarily chosen. Consider one complete 
cycle of the given curve, measured from O as indicated in both 
figures. The wth harmonic of the given curve is equivalent to 
the two curves A and & added together (ordinates added). 


* Greatest common divisor. 
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Curve 4 isa sine curve of which the maximum ordinate is the 
value of coefficient A, in equation (75), and £2 is a cosine 
curve of which the maximum ordinate is the value of the coeffi- 
cient 4, in equation (75). Figures 207 and 208 are construc- 
ted for = 3 for the sake of clearness, but in the discussion of 


one cycle wave-length T ! 


yogiven curve 


Fig. 207, 


one cycle wave-length T 


yogiven curve 


Fig. 208. 


Figs. 207 and 208, x is understood to refer to the highest order 
harmonic that is appreciable in value. 

Consider the ~ equidistant ordinates a@,, @,, @, etc., of the 
given curve in Fig. 207; the first of the set a, being at middle 
point of the first half-wave of the curve A (distance of @, from 
y-axis equal to T/4n). The algebraic sum of a, a, ay, etc., 18 
equal to nA. ‘This is evident when we consider that the ordi- 
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nate of the given curve at any point is equal to the sum of 
the ordinates of all its harmonics at that point, when we consider 
that the ordinates of the B curve in Fig. 207 are zero at the 
points @,, @, a, etc., and when we remember that the alge- 
braic sum of all other harmonics (not including the zth) of the 
given curve at the points a@,, @,, @,, etc., is equal to zero ac- 
cording to propositions (1) and (2) above; the multiple har- 
monics, 27, 37, 47, etc., being negligible. Therefore, we have 
for the highest appreciable harmonic 


I 
BEE ACH Ge Cea yan 8g (83) 


in which a, is distant 7/4 from the origin, and the distances 
a, to a, @,to a, @, to a, and so on are equal to 7/z. 
Consider the ~ equidistant ordinates 4,, 4,, 4,, etc., of the 
given curve in Fig. 208, the first of the set 4, being coincident 
with the y-axis. The algebraic sum of 4,, 4,, 0,, etc., is equal 
to 2B, so that for the highest appreciable harmonic, we have 


I 
Dem (Or Ceca cies) (34) 


in which 4, is at the origin and the distances b, to 3, 6, to Oy 
6, to 6, and so on are equal to 7/7. 

Determination of the lower harmonics by Fischer-Hinnen’s 
method. —If the highest appreciable harmonic is, say, the 15th, 
then the 13th, the 11th, the 9th and the 7th can be determined 
by the above method, using equations (83) and (84); but the 
5th harmonic cannot be so determined because the algebraic sum 
of five equidistant ordinates of the given curve depends upon the 
15th harmonic as well as upon the 5th harmonic; 15 being a 
multiple of 5 [see proposition (2) above]. 

The true value of the coefficient A, is given by the equation 


A, = A,! + A,, (85) 


in which A,’ is the ncorrect value of A, as calculated by equa- 
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tion (83). The truth of this formula may be shown by consider- 
ing Fig. 209 which shows the harmonic curves A, sin 275¢/T 
and A,, sin 2715¢/7. The positions of the two curves in Fig. 
209 correspond to positive values of the coefficients dA, and 4,,. 


Fig. 209. 


The sum of the five equidistant ordinates of the given curve a, 
a, @, etc., depends only upon the curves A, and A,, accord- 
ing to propositions (1) and (2) above, and it is evident from Fig. 
209 that one fifth of the sum of the five equidistant ordinates 
(which is equal to A,/) is equal to A,—A,,, so that equation 
(85) follows at once. 

The true value of 4, is given by the equation 


B, = Be = Mey, (86) 


Fig. 210, 


in which B,! is the zzcorrect value of B, as calculated by equa- 
tion (84). The truth of this equation is evident from Fig. 210 
which shows the harmonic curves corresponding to positive 
values of the two coefficients B, and 4,,, and which shows 
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two of the five equidistant ordinates of the given curve, namely, 
DO nO, nC and = Cs. 


y- axis 


Fig. 211. 


Fig, 212. 


An argument similar to the above based cn propositions (1) 
and (2) and upon Figs. 211 and 212 leads to the following equa- 
tions for the true values of A, and 4,; namely 


A, oa ay ot A, — Ay (87) 
B,= B, a lh Ii (88) 


in which A,’ and #,' are the zucorrect values of A, and B, 
as calculated by equations (83) and (84). 

Determination of the fundamental harmonic. —Figure 213 
shows (for positive values of the coefficients) the trend of the 
harmonic curves corresponding to A,, A,, A,, etc., and the ordi- 
nate a of the given curve is evidently equal to A, — A, + A, 
— A,+ A,— etc., so that 


Ay = @ 4A Al A, — AS Aa ee (89) 
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Similarly, that ordinate of the given curve which is coincident 
with the y-axis is equal to B, + B,+5,+8,, etc., so that we 


have 
B,=b—6,—B8,—8,-B,—B,—B,,—-8,, (90) 


Figs 213. 


Note. Equations (85) to (go) refer to the case in which the 
21st and higher harmonics are negligible. It is of course 
necessary to attend carefully to algebraic signs in the use of 
equations (83) to (go). 

Example. — The full line curve A in Fig. 214* is the ex- 
perimentally determined electromotive force curve of a certain 
unitooth alternator (armature winding placed in / slots, where 7 
is the number of field magnet poles). The curve CC is the 
remainder beyond the 13th harmonic, and the dotted curve B is 
the sum of the odd harmonics from 1 to 13. Choosing the origin 
of coordinates at the point where the fundamental harmonic cuts 
the axis of abscissas and taking the maximum value of the funda- 
mental harmonic as 1.000, the maximum values of the various 
harmonics and their phases are as given in the following table. 
The maximum values given in this table are the values of the 
expression “A+ 82, and the phases are the values of the 
angles whose tangents are equal to B/A,. In case one would 
wish to plot these various harmonics, the phase angle for each 


* Taken from Alternating Current Phenomena by C. P. Steinmetz. Figures 218, 
219, and 220 are also taken from Steinmetz, 
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harmonic would have to be laid off using the wave-length of that 
harmonic as 360°. 


Max. Value. Phases. 
Fundamental Harmonic, 1.000 (oj 

3d GG 0.12 sy fof 229) 
5th ce O23 178°.5 
7th GG 0.134 —6°.2 
gth se 0,002 —152°.3 
11th ots 0.046 174°.5 
13th ee 0.031 —61°.5 
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72, The harmonic analyzer. — The method outlined in Art. 71 
for the determination of the various harmonics of an experiment- 
ally determined curve is tedious, and several machines have 
been devised for carrying out mechanically the integrations which 
are described in Art. 70. [See equations (76), (80) and (81). ] 
The best known and perhaps the simplest of these machines is 
the one which was suggested by Professor James Thomson and 
perfected by Sir William Thomson (Lord Kelvin).* The inte- 

*See Section 37 of the article on Tides in the Encyclopeedia Britannica, ninth 
edition. See also articles by James Thomson and by Sir William Thomson in Pyo- 
ceedings of the Royal Society, Vol. XXIV, 1876, page 262 and pages 269 and 271. 


See also a paper by Sir William Thomson in the Proceedings of the Institute of Civil 
Engineers (British), Vol. LXV. - 
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grating part of the machine consists of a circular disk of steel 


DD, Fig. 215, which is mounted upon an inclined spindle as 


side view 


Fig. 215. 


view in direction of 
the arrow A 


shown, a steel sphere S anda steel cylinder CC which is carried 


upon two pivots f/f. This integrating mechanism is also shown 


in Fig. 216. The periodic curve which is to be analyzed is traced 


upon paper and wrapped around 
a cylinder £2, Fig.’ 216, the 
circumference of the cylinder be- 
ing equal to one complete wave- 
length of the periodic curve. 
As the cylinder ZZ is slowly 
turned, the tracing point P is 
made to follow one complete 
cycle of the curve, and the steel 
fork / pushes the sphere back 
and forth along the diameter DD 
of the circular disk so that the 
distance of the center of the 
sphere from the axis of the disk 


E 


Riga2 65 


is at each instant equal to the ordinate y of the given curve as 


shown in Figs. 216 and 217. 


This cylinder ZZ is geared to a series of cranks any one of 
which may be so connected to the disk D/ as to cause it to os- 
cillate back and forth about the supporting spindle as an axis as 


17 
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the cylinder EZ is turned. One of the cranks would cause the 
disk DD to make one complete oscillation while the cylinder 
EE makes one revolution, the next crank would cause the disk 
DD to make two oscillations 
while the cylinder ZA makes 
one revolution, the next crank 
would cause the disk DD to 
make three oscilliations during 
one revolution of the cylinder 
EE, and so on. Thus, the th 
crank would cause the disk DD 
to make x complete oscilla- 


tions during one revolution of 
the cylinder ZA. Let TZ be the time of one revolution of the 
cylinder ZZ, then the angular velocity of the oscillating disk at 
any given instant is equal to sin 2ant/7.* The sphere S rolls 
on the oscillating disk and against the cylinder CC causing the 
cylinder to turn at an angular velocity which is at each instant 
equal to y/c x sin 2ant/T, where c isthe radius of the cylinder 
CC. Therefore the total angle turned by CC during one com- 
plete revolution of the cylinder FEZ, that is, in Z seconds, is 


a0 _ 2ant a 
eal y sin T 


Therefore, according to equation (80), the coefficient A, is equal 
to 2c/7 times the angle in radians turned by the cylinder CC 
during one revolution of the cylinder ZZ, and this angle may 
be determined by attaching a pointer to the cylinder CC and 
reading the position of the pointer on a divided circle. 


73, Examples of the distortion of electromotive force curves by 
triple and quintuple harmonics.— The upper curve in Fig. 218 
shows a simple sine curve, and the curves a, 6,c,d and e¢ 

* This means that the disk makes 7 complete oscillations in 7Z’ seconds, and it 


means that the maximum angular distance of the oscillating disk from its mean or 
middle position is 7/27 of a radian. 
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show resultant curves obtained when a triple harmonic is added 
to the given curve. The curve a@ is obtained when the triple 
harmonic passes through zero at the same instant that the funda- 


ys 
fee 


Fig. 218. 


mental harmonic passes through zero, but in a reverse direction, 
that is, the triple harmonic is changing from positive to negative 
at the instant that the fundamental is changing from negative to 
positive ; and the successive curves 0, c, d'and e are obtained 
by shifting the triple harmonic to the right, step by step, 3/5 of 
T at each step, where 7 is the wave-length of the fundamental 
wave. * 


* The student should plot the fundamental harmonic and the triple harmonic in the 
various positions to give the resultant curves a, 4, c, d and e. 
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The upper curve in Fig. 219 shows a simple sine curve, and 
the curves a, 6,c,d@ and e¢ show resultant curves obtained 
when a quintuple harmonic is added to the given curve. The 
curve a is obtained when the quintuple harmonic passes through 
zero at the same instant that the fundamental harmonic passes 


Fig. 219. 


through zero, but in a reverse direction, that is, the fundamental 
changes from negative to positive at the instant that the quintuple 
harmonic changes from positive to negative ; and the successive 
curves, 0, c,d and e are obtained by shifting the quintuple 
harmonic step by step, s!; of Z at each step, where 7 is the 
wave-length of the fundamental curve.* 


* The student should plot the fundamental harmonic and the quintuple harmonic in 
the various positions corresponding to curves a, 4, c, @ and e. 
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Figure 220 shows some characteristic wave shapes which con- 
tain fundamental, triple, and quintuple harmonics. Taking the 
maximum value of the fundamental harmonic as unity, the equa- 
tions to these curves are as follows: 


aes 


[ete 


Fig. 220. 


Cunverda: 

Y == =i sin B + 0.15 sin (38 + 180°) + 0.10 sin (58 + 180°) 
Curve 06: 

y = 1.0 sin 8 + 0.225 sin 38 + 0.05 sin 58 
Curve. cc: 


y= 1.0 sin 8 + 0.15 sin 38 + 0.10 sin (58 + 180°) 
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Curve dd: 
y= 1.0sin8 + 015sin(38 + 180°) + 0 10 sin 50° 


74, Effective value of a non-harmonic electromotive force (or 
current) expressed in terms of its harmonic components. — Con- 
sider the electromotive force 


, Basie n Omz : 
e= A, sin-7 + A, sin Ft ++ (i) 


Squaring both members of this equation and we have 


: t a OTL | 
gas sini “t+ Zi siiy op te 


, Baye . One 
+ 24,A, sin “7 sin ae + + 


(ii) 


Now the average value of sin’ 27/7 is one half, and the average 
value of any cross-product like sin 2an¢/Txsin 2amt/T is 
zero, so that 


AA AA A? 
average f= = + a + = a (iv) 


But Aj/2, Az/2, etc., are the squares of the effective values of 
the respective harmonics and therefore we have the proposition : 
The square of the effective value of an alternating electromotive force 
or current is equal to the sum of the squares of the effective values 
of its harmonics. This proposition is here derived for the special 
case in which the harmonics are expressible by a series of sines, 
but the derivation may be easily generalized so as to include both 
the sine series and the cosine series in equation (75). 


75. Power relations of the various harmonics of an alternating 
electromotive force and of an alternating current. — Consider the 
electromotive force 


Dias . Ont . lomt 
e=E, sin +E, sin + E, sin > Ne Bg: (i) 


* The student should plot the fundamental, and the triple and quintuple harmonics 
in the positions corresponding to these equations. 


HARMONIC ANALYSIS. AV, 


and the current 


oe 2tt . Ont . 1omt = 
¢= I, sin + I, sin a + I, sin Tiss +... (it) 
The instantaneous power is 
: ~ ee 2), Oe 
@ = EI, sin? + E,I, sin? ae 
She us (i) 
+ (E,I, + E,I,) sin “ae SiN a +.. 
and the average power, P, is 
1 EI, EI, 7 
ee Sy ar ee a aD) 


inasmuch as the average value of every cross-product of the 
form sin 27/7 x sin 2rmt/T is zero, or in other words, every 
harmonic of the current is ‘wattless”’ with respect to every har- 
monic of the electromotive force except the harmonic of the same 
order, and every harmonic of the electromotive force is “ wattless” 
with respect to every harmonic of the current except the harmonic 
of the same order. 

The above discussion is limited to the sine series in equation 
(75) for the sake of simplicity ; but it may be easily extended to 
include both the sine series and the cosine series in equation (75). 


CHAPTERS 


NON-HARMONIC ELECTROMOTIVE FORCES AND CURRENTS 
INS PRACHIiGr: 


76. Causes of non-harmonic electromotive forces of alternating- 
current generators. (a) Distribution of a field flux and distribu- 
tion of armature windings. —Figure 221 shows a two-pole alter- 


Fige2215 


nator with a uniformly distributed flux under the pole-faces and 
with a fringe of flux beyond the pole tips, and Fig. 222 shows an 


riea2225 


armature between two nearly flat pole-faces. If the flux density 
at the point 4 in Fig. 222 is proportional to the cosine of a 
the flux is said to be harmonically distributed. 

248 
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When the armature winding is concentrated (one slot per pole) 


the electromotive force curve is similar to the curve of distribution 


Axis of time 


H 
' 
H 
t 
one cycle SS 


Fig. 223. 


of flux if the slots are small. When, however, the winding is 
distributed, the electromotive force curve is different from the curve 
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Fig. 224. 


of flux distribution. Thus, Fig. 223 shows the electromotive 
force curve produced in a concentrated winding by a flux which 
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is uniformly distributed under the pole faces (fringe of flux be- 
yond the pole tips is ignored so that the drawings may be simple), 
Fig. 224 shows the two electromotive force curves aaa aaa 


Axis of time 


Fig. 225a. 


aaa and 666 666 bbb due to two separate concentrated windings, 
a and 4, andthecurve 4&F in the lower part of Fig. 224 is the 
electromotive force curve produced by the two windings @ and 
6 connected in series, thus giving a winding which is distributed 


ZT 


QO ODO: 


Axis of time 


Fig. 225b. 


in two slots per pole. In this case, also, the fringe of flux beyond 
the pole tips is ignored. Figures 225a@ and 2256 show the elec- 
tromotive force curve which is produced by a band of conductors 
ao, 

When the field flux of an alternator is harmonically distributed, 
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then the electromotive force of the alternator is harmonic whether 
the winding is distributed or concentrated. 

(0) Armature reaction. — When an alternator is loaded, the 
armature current tends to crowd the field flux under the trailing 
pole tips, as shown in Fig. 193, and the electromotive force 
curve is distorted in a manner which is at once evident from 
Pig. 7103) 

The armature reaction of an alternator affects the electromo- 
tive force curve of the machine not only by distorting the field 
as shown in Fig. 193, but also by alternately strengthening and 
weakening the field, as the armature rotates. Asa given arma- 
ture coil comes into the position in which it surrounds a field 
pole, the magnetizing action of the current in the coil either helps 
or opposes the field flux according as the alternator delivers 
leading current or /agging current to its receiving circuit. This 
magnetizing or demagnetizing action of the armature current is 
pulsating and it causes the electromotive force of the alternator 
to become non-harmonic to some extent. 

(c) Pulsation of inductance. — The inductance of an alternator 
armature (the inductance of one of its windings if it is a polyphase 
armature) varies with the position of the armature. As the arma- 
ture is turned slowly the inductance reaches a maximum value 
when the pole pieces bridge over the slots in which the armature 
winding is placed, and it reaches a minimum value when the slots 
in which the winding is placed lie between the pole tips. There- 
fore the inductance of an alternator armature pulsates when the 
armature rotates. The effect of this pulsating inductance is to 
cause the electromotive force of the alternator to become to some 


extent non-harmonic.* 


77. Causes of non-harmonic currents. — The causes of non- 
harmonic electromotive forces of alternating-current generators 
are discussed in Art. 76. The production of a non-harmonic 
current may depend upon the use of an alternator having a non- 


* Any attempt to formulate the actions described in this article would lead to equa- 
tions of extreme complexity and the results would not warrant the labor involved, 
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harmonic electromotive force, or the reactions of a receiving circuit 
may cause an alternator having a harmonic electromotive force to 
deliver a non-harmonic current; and the reaction of a receiving 
circuit may in turn result in the production of non-harmonic 
-electromotive forces across a certain portion of the receiving cir- 
cuit even though the electromotive force of the generator be har- 
monic. Therefore, in discussing the production of non-harmonic 
current, we shall consider first the production of non-harmonic 
current by a generator of which the electromotive force is non- 
harmonic, we shall then consider the production of non-harmonic 
current by a generator having a harmonic electromotive force, and 
we shall finally consider the production of non-harmonic electro- 
motive forces by the reactions of a receiving system. Before 
entering upon this discussion, however, it is important to con- 
sider constant versus pulsating resistances and inductances. 

The current produced in any ordinary non-inductive circuit is 
proportional to the electromotive force. That is to say, the ratio 
E/f =) isa constant for such a circuit. In an electric arc, 
however, the current is not proportional to the voltage across the 
terminals and therefore the ratio H/ = 2) is zo¢t constant in an 
arc. An electric arc is said to have a pulsating resistance. 

The inductance, 2 of a coil may be defined as the quotient 
®// where ® is the flux-turns corresponding to a given value 
of the current /. When the coil does not contain an iron core, 
® is proportional to /, so that the ratio @®//( = ZL) is con- 
stant. When, however, the coil contains an ironcore, ® is not 
proportional to / and the ratio @//( = ZL) is ot constant. In 
fact, this ratio falls off in value with increasing value of 7 on 
account of the magnetic saturation of the iron. Therefore when 
an alternating current flows through a coil of wire wound on an 
iron core the value of ®//(=Z) varies as the current rises and 
falls. A coil with an iron core is therefore said to have a pu/sat- 
ing inductance. 


Non-harmonic currents in circuits of constant resistance and 
constant inductance. — Consider a non-harmonic electromotive 
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force of which the values of the fundamental and successive har- 
monics are A,, A,, A,, A,, etc. Thevalues of the fundamental 
and successive harmonics of the current which is produced by 
this electromotive force through a non-inductive circuit are pro- 
portional to A,, A,, A,, A, etc., and the current curve ts of ex- 
actly the same shape as the electromotive force curve. The values 
of the fundamental and successive harmonics of the current which 
is produced by this electromotive force through a highly inductive 
circuit (without iron) are proportionalto A,, A,/2, A,/3, A,/4, 
etc. The values of the fundamental and successive harmonics of 
the current which is produced by this electromotive force through 
a condenser (resistance of circuit negligible) are proportional to- A, 
pao A ectc. | allies etiect’ of inductance is, therefore, 
to tend to eliminate the higher harmonics of current whereas the 
effect of a condenser is to exaggerate the higher harmonics of 
current. This is shown very strikingly in Fig. 226, in which A 


Fig, 226. 


is a non-harmonic electromotive force curve, C is the curve of 
the current produced by A ina highly inductive circuit (with- 


* These relations are evident from the discussion of the fundamental problem of 
alternating currents on pages 66-70, Franklin and Esty’s Lvements of Electrical En- 
gineering, Vol. II. 
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out iron), and B is the curve of current produced by A 
through a condenser (resistance of the circuit very small). 


Production of higher harmonics by reaction of a receiving circuit 
having pulsating resistance or pulsating inductance. — Figure 227 
shows the magnetizing-current curve m of a transformer which 
is supplied from an alternator which gives a harmonic electro- 


Riz. 227) 


motive force. The electromotive force being harmonic, the curve 
of core flux of the transformer ®, Fig. 227, must be harmonic 
if the resistance of the primary coil is small, and the current cor- 
responding to each value of © may be determined from the 
hysteresis curve of the transformer core (the dotted curve in Fig. 
227.) 

If a harmonic current be caused to flow through a winding of 
wire on an iron core, the electromotive force across the terminals 
of the winding is zox-harmonic. In order to produce a harmonic 
current through a winding of wire on an iron core (or through 
an electric arc) it is necessary to usea high-voltage alternator giving 
a harmonic electromotive force and to include a very large non- 
inductive resistance in series with the coil (or arc) so that the elec- 
tromotive force across the coil (or arc) may be negligible in com- 
parison with the total electromotive force of the alternator. Figure 
228 shows the electromotive force curve ce across a winding of 
wire on an iron core when a harmonic current flows through the 
coil. This electromotive force curve may be plotted as follows 
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Fig. 229. 
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on the assumption that the resistance of the winding is zero. 
Having given the hysteresis loop for the given range of current, 
as shown in Fig. 229, the flux corresponding to each value of the 
current is known, and the flux curve ®, Fig. 228, may be plotted. 
The ordinate of the electromotive force curve is then propor- 
tional to the steepness of the flux curve at each point of time. 
Figure 230 shows the curve of current z through an arc lamp, 
and the curve of electromotive force ¢ across the terminals of 
the arc. If the arc lamp were to be connected in series with a 
very large non-inductive resistance to an alternator giving a har- 
monic electromotive force, then the current curve would be har- 


nO 
See 


Fig. 230. 


monic as above explained. The curvesin Fig. 230 were obtained 
with a moderate amount of resistance and some inductance in 
series with the arc, and neither the electromotive force curve nor 
the current curve are harmonic, although the electromotive force 
of the generator was approximately harmonic. 


78, Effects of higher harmonics. — Nearly the whole of alter- 
nating-current engineering is based upon a simple working theory 
in which the alternating electromotive forces and currents are 
assumed to be harmonic ; as a matter of fact, however, the elec- 
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tromotive forces and currents are never exactly harmonic, and 
therefore the behavior of the various alternating-current machines 
departs to some extent from the simple working theory. This 
departure or difference in behavior due to the non-harmonic char- 
acter of electromotive forces and currents may be spoken of as 
the effect of higher harmonics. It is not usually considered in 
practical work except in a few instances. 

In general, the details of behavior of an alternating-current 
machine of any kind when electromotive forces and currents are 
non-harmonic may be thought of as the combination or summation 
of the different effects which would be produced by the several har- 
montcs taken singly. ‘This is exactly true in those cases in which 
an exact proportional relationship exists between electromotive 
force and current (when resistances and inductances do not pul- 
sate). When, however, the system contains arc lamps or induc- 
tances with iron cores, then the effects of the various harmonics 
taken singly cannot be added together to give the effects of all 
together. For practical purposes, however, the effects of non- 
harmonic electromotive forces and currents may usually be 
thought of as the summation of the effects which would be pro- 
duced by the various harmonic components taken singly. 


The synchronous motor.— Consider an alternator delivering 
current to a synchronous motor, and suppose the electromotive 
force curve of one machine to differ from the electromotive force 
curve of the other machine because of the presence, say, of a 
quintuple harmonic. The action of the two machines due to the 
fundamental harmonics of their electromotive forces is that which 
is described in any ordinary discussion of the synchronous motor, 

and the effect of the quintuple harmonic in the electromotive force 
of one machine is as follows: This quintuple harmonic is an elec- 
tromotive force which is not opposed by any corresponding elec- 
tromotive force in the other machine, that is to say, the circuit of the 
two machines is a short-circuit in so far as this quintuple harmonic 
of electromotive force is concerned. This quintuple harmonic of 
electromotive force produces, therefore, a short-circuit quintuple- 

18 
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harmonic current. It must be remembered, however, that when 
an alternator is short-circuited, the short-circuit current is limited 
mainly by the very large inductance of the alternator armature, 
and the power which is represented by the short-circuit current 
is not excessively large. In the case of the quintuple harmonic 
the short-circuit current is even more effectively limited by the 
inductance of the two alternator armatures because of the higher 
frequency, so that the short-circuit quintuple-harmonic current is 
not very large, and it represents but a very small additional power 
output of the alternator because it is nearly go° behind the quin- 
tuple harmonic of electromotive force in phase. 

Another way of looking at the effect of a non-harmonic elec- 
tromotive force of an alternating-current generator which drives 
a synchronous motor is as follows: Suppose that an ordinary 
alternator is short-circuited through a zero resistance. The 
short-circuit current in the alternator armature may be thought 
of as modifying the field flux in such a way as to reduce the ac- 
tual induced electromotive force in the alternator armature to that 
value which is capable of producing the actual short-circuit cur- 
rent through the armature resistance. In the same way, the 
short-circuit quintuple harmonic current which is described in the 
foregoing paragraph may be thought of as modifying the flux 
distribution of the generator so as to cause a great reduction in 
the value of the quintuple harmonic in the generator electromo- 
tive force curve, and as modifying the flux distribution of the 
synchronous motor so as to introduce an opposing quintuple 
harmonic in its electromotive force curve. If the resistance of 
the circuit were zero, then the quintuple harmonic electromotive 
force which is introduced into the electromotive force curve of 
the motor would exactly balance the reduced quintuple harmonic 
in the electromotive force curve of the generator, and the short- 
circuit quintuple-harmonic current would be the amount of quin- 
tuple-harmonic current required to so modify the field fluxes of 
the two machines as to bring about this result. 

The induction motor.— The behavior of the induction motor 
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due to the fundamental harmonic of the electromotive forces of 
supply is that which is discussed in any elementary treatise on the 
induction motor. The effect of the presence of, say, a triple har- 
monic in the supply electromotive forces may be described as 
follows: This triple harmonic produces its own rotating stator 
magnetism which, of course, rotates at a speed three times as 
great as the stator magnetism due to the fundamental harmonic of 
the supply voltages. With respect to this high-speed stator mag- 
netism the rotor runs at a very great slip with large R/? losses 
in the rotor. That is to say, the motor behaves with reference to 
the triple harmonic of the supply voltages in a manner similar 
to what its behavior would be with reference to the fundamental 
harmonic of the supply voltages at very low speed. 

Influence of higher harmonics upon core losses in transformers.— 
The maximum flux density reached in the core of a trans- 
former is proportional to the area under the half-wave of the elec- 
tromotive force curve,* the smaller this area the lower the value 
of the maximum flux density and consequently the lower the 
hysteresis loss in the iron core for a given frequency. Consider 
two kinds of electromotive force curve, a flat-topped curve and a 
peaked curve, the effective values being the same, say, 1,000 volts. 
The flat-topped electromotive force curve will have a greater area 
under its half-wave than the peaked electromotive force curve. 
Therefore, the hysteresis loss ina transformer core is less when 
the alternating electromotive force curve is peaked than it is when 
the alternating electromotive force curve is flat, both electromo- 
tive forces having the same effective value and the same frequency. 
The eddy current loss, on the other hand, depends only upon the 
effective value of the electromotive force. 

Lifects of higher harmonics in long-distance transmission, — 
_ The frequency of the fundamental mode of oscillation of a trans- 
mission line is in every practical case much higher than the fre- 
quency of the alternating current used in power transmission, 


*See Franklin & Esty’s Llements of Electrical Engineering, Vol. U1, pages 
208-210, 
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Thus a transmission line 200 miles long, open at the distant end, 
would have a fundamental frequency of 232 cycles per second, 
and the frequency of the second mode of oscillation would be 
696 cycles per second, as explained in Chapter V, whereas, the 
frequency usually employed in alternating-current power trans- 
mission is 25 cycles per second. Therefore, transmission lines are 
not usually set into very violent electrical oscillation. If, how- 
ever, higher harmonics exist in the electromotive force of the gen- 
erator, or if higher harmonics are introduced into the system by 
the reactions of the receiving circuit, and if the frequency of 
one of these higher harmonics happens to coincide* with the fre- 
quency of one of the simple modes of oscillation of the transmis- 
sion line, then very violent transmission line oscillations may be 
produced, and the insulation of the line may be endangered. 


79. The elimination of triple harmonics in a three-wire three- 
phase system. — Some very interesting and important effects are 
produced in three-wire three-phase systems because the three- 
wire scheme of connections makes it impossible for the triple 
harmonics of the electromotive forces of a Y-connected three- 
phase generator to contribute to the voltages between mains, and 
because the armature windings of a A-connected three-phase 
generator afford a short-circuit for the triple harmonics of the 
electromotive forces. Also some interesting effects are pro- 
duced when the receiving circuits of a three-wire three-phase 
system produce triple harmonics of electromotive force or current 
by their reaction, as explained in Art. 77. 

(a) Y-connected generator. — Figure 231 represents a Y-con- 
nected generator, and the arrows indicate the chosen positive 
directions in the armature windings A, B and C On the 
basis of these chosen positive directions, the three electromotive 


* Coincidence of frequency of an alternator, and frequency of one of the simple 
modes of a transmission line means that the generator end of the line is very near to 
a voltage node. If this distance is ¢, as shown in Figs. 116, 117, 118 or 119, then 
the value of the voltage across the line at a voltage antinode is equal to I/(sin d@/A) 
times the generator voltage as explained on page 125, on the assumption that the re- 
ceiver end of the line reflects completely, and on the assumption that line losses are 
zero. 
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forces A, B and C may be considered to be 120° apart in 
phase so that they may be represented by three vectors 120° 
apart in a clock diagram or by the three sine curves A, B and 


main 1 


Fig. 231. 


C in Fig. 232. A small portion only of each of the sine curves 
A, & and C is shown in Fig. 232 in order to avoid confusion. 
The three armature windings of a three-phase generator may be 
assumed to be exactly alike, so that if the electromotive forces 
A, B and C arenon-harmonic, the triple harmonic of each must 
be related to the fundamental in precisely the same way. Sup- 


Fig. 232. 


pose, for example, that the triple harmonic of A is represented 
by the curve a, in Fig. 232, then the triple harmonic of 2 will 
be represented by the curve 4,, and the triple harmonic of C will 
be represented by the curve c¢,. But the curves a,, 6, and c¢, 
are portions of the same triple-frequency curve, as shown in Fig. 
232. Therefore, on the basis of the choice of signs which is 
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represented by the arrows in Fig. 231, the triple harmonics of the 
three electromotive forces are in phase with each other, that is to 
say, the triple harmonics of A, & and C are all in the direc- 
tions of the arrows in Fig. 231, or all in the reverse direction, 
simultaneously, and these triple harmonics do not contribute to the 
electromotive forces between the mains. This is evident when we 
consider that an electromotive force in the winding A, Fig. 231, 
in the direction of the arrow and an equal electromotive force in 
the winding #4 in the direction of the arrow raise both of the 
collector rings I and 2 to a certain potential higher than the 
potential of the neutral junction JV without producing a differ- 
ence of potential between the rings. That is to say, even if the 
electromotive forces of a Y-connected three-phase alternator con- 
tain triple harmonics, these triple harmonics are absent from the 
electromotive forces between the mains.* 

(6) Delta-connected generator.— Figure 233 represents a delta- 
connected three-phase generator, and the arrows indicate the 


Fig. 233. 


* The absence of the third harmonic from the electromotive force between the ter- 
minals of a Y-connected three-phase generator is a particular case of the following 
general fact: Consider # separate armature windings displaced 360/2 electrical 
degrees from each other and properly connected to give a *-connected #-phase gen- 
erator. Then the zth harmonic is absent from the electromotive forces across the 
terminals of the machine. 
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chosen positive directions. The triple harmonics of the three 
electromotive forces, A, 6 and C are in phase with each other, 
as explained in connection with Fig. 232, that is to say, these 
triple harmonics of electromotive force are all in the direction of 
the arrows in Fig. 233, or all in the opposite direction simul- 
taneously, or, in other words, they all work together around the 
short-circuit formed by the delta-connected windings. The delta- 
connected three-phase alternator is, therefore, short-circuited with 
respect to the triple harmonics of its electromotive forces. The 
effect of this short-circuited condition may be described as follows, 
if the armature resistance be neglected (it usually is negligible as 
a matter of fact). The triple harmonic of current which is pro- 
duced reacts upon the field of the alternator and alters the distri- 
bution of the field flux so that the triple harmonics of the electro- 
motive forces are reduced to imperceptible values. 

(c) The three-wire line provides no return circuit for triple har- 
monics of current, and therefore, even if triple harmonics of electro- 
motive force were not annulled as above explained, no triple 
harmonic of current could be delivered to a balanced three-phase 
receiving system by a three-wire line. This is evident from what 
was stated under (@), above, as to the fact that all three triple 
harmonics of three-phase voltages or currents are positive simul- 
taneously and negative simultaneously so that all three triple 
harmonics of current would have to flow outwards (in the direc- 
tions of the arrows in Fig. 231) in all three line wires simul- 
taneously, which is obviously impossible inasmuch as no return 
circuit is provided for currents which flow outwards in all three 


mains simultaneously. 


80. The influence of triple harmonics on the current and voltage 
relations in three-wire three-phase systems. — On the assumption 
that voltages and currents are all simply harmonic, that is con- 
sisting of the fundamental sine waves alone without higher har- 
monics, it can be shown* that the voltage across the terminals 


*See Franklin and Esty’s Elements of Electrical Engineering, Vol. 11, pages 
108 and 109. 
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of a Y-connected three-phase generator is equal to V 3 times the 
voltage of one armature winding, and that the current in one line 
is V 3 times the current in one armature winding of a A-connected 
three-phase generator. 

In the Y-scheme of connections the triple harmonics tend to 
make the line voltage less than 3 times the voltage of one 
winding because the triple harmonics are present in the windings 
but balanced out across the lines. 

In the A-scheme of connections the triple harmonics tend to 
make the current in each winding very much more than 1/V3 of 
the line current because of the short-circuited triple harmonic of 
current in the three windings and the entire absence of the triple 
harmonic current in the line wires. 


81. Appearance of triple harmonics in balanced three-phase 
receiving systems. — It is pointed out in Art. 80 that triple har- 
monics in a three-phase generator are balanced out and not trans- 


main 1 


Fig, 234. 


mitted by a three-wire line. Such triple harmonics cannot there- 
fore influence the receiving circuits. When the receiving circuits 
contain pulsating reactances or pulsating resistances (see Art. 77) 
triple harmonics of electromotive force or current appear in the 
receiving system without showing themselves on the line and of 
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course without influencing the generator. In the following dis- 
cussion the line voltages and line currents are assumed to be 
simply harmonic, that is to consist of fundamental sine waves of 
electromotive force and current without any higher harmonics, 
and the discussion is limited to the effects of pulsating reactances 
(primary coils of transformers). A very slight modification 
would adapt the discussion to the effects of pulsating resistances. 

(a) Delta-connected receivers.—Let A, B and C, Fig. 234, 
be three primary coils of three transformers which are supplied 
over a three-wire three-phase line, and let us consider the mag- 
netizing currents of the three transformers. The voltage across 
each transformer being harmonic the magnetizing current must 


main 1 


Fig. 235. 


be non-harmonic as explained in Art. 77. Consider the triple 
harmonics of the three magnetizing currents. These triple har- 
monics are all in the directions of the arrows in Fig. 234 or all 
in the opposite directions simultaneously. Therefore the triple 
harmonics of the magnetizing currents of three A-connected 
transformers circulate back and forth around the short-circuit 
formed by the A-connections. 

(6) Y-connected receivers. — Let A, B and C, Fig. 235, be the 
three primary coils of three transformers supplied over a three- 
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wire three-phase line. The magnetizing currents of the three 
transformers must be simply harmonic * because triple harmonics 
of current would have to flow all in the directions of the arrows 
or all in the reverse direction simultaneously which is obviously 
impossible. Therefore the electromotive forces across the trans- 
former primaries must be non-harmonic as explained in Art. 
77. This non-harmonic character of the electromotive forces 
across the primaries of Y-connected transformers consists chiefly 
of the presence of triple harmonics which of course balance out 
between the line wires so that no effect of these harmonics is 
transmitted back to the generator. 

(c) Influence of a gth wire on triple harmonics in three-phase 
transmission. — Consider a Y-connected three-phase generator 
delivering current over a three-wire line to Y-connected receiving 
circuits as shown in Fig. 236. The generator voltages may 


a ee ee 
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Fig. 236. 


contain triple harmonics without influencing the line voltages or 
the line currents, and triple harmonics may be created by pulsat- 
ing reactance in the receiving circuits without affecting the line 
voltages or the line currents, as already explained. 

If a 4th main is connected as shown in Fig. 236 then complete 
circuits are established from generator to receiver for triple har- 
monics of current and the three phases become independent of 
each other as in an ordinary single-phase system. Suppose, for 


* Harmonics of 5th and higher orders not here considered, 
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example, that the generator voltages A,, B, and C, contain no 
triple harmonics, whereas triple harmonics of electromotive force 
are introduced into the voltages d,, B, and C, as explained 
under (4) above. Then the unbalanced triple harmonics of A, 
B, and C, will produce triple frequency currents over the three 
mains 7,2 and 3 and over main 4; or, if both neutral junc- 
tions (of generator and of receiver) are grounded, the triple fre- 
quency currents over z, 2 and 3 will have a ground return. 

If one neutral junction only is grounded, say the neutral junc- 
tion of the generator, then a voltmeter connected from the other 
neutral junction to ground will show the value of the triple har- 
monic of A,+ A, (which is of course the same as the triple 
harmonic of B,+ 8, or of C,+C)); this voltage between a 
“neutral” junction and ground may amount to several thousands 
of volts in the case of a high voltage transmission system. Ac- 
cording to the simple working theory of alternating currents 
(electromotive forces and currents assumed to be harmonic, or, 
in other words, effects of higher harmonics ignored) there would 
be no electromotive force between the neutral junction of Y-con- 
nected receiving transformers and ground when the neutral junc- 
tion of the step-up transformers at the generating station is 
grounded, and an inexperienced operating engineer who is 
guided wholly by the simple working theory is likely to be 
ignorant of the danger which is involved in the existence of this 
voltage between a neutral junction and ground. 


82. Influence of triple harmonics upon the power factor of a 
three-phase generator which supplies currents over a three-wire 
line. — A three-wire distributing system constitutes an open cir- 
cuit with reference to the triple harmonics of electromotive force 
of a Y-connected three-phase generator ; and therefore the power 
delivered by each winding of such a generator to a non-induc- 
tive receiving system is not equal to E/ where £ is the elec- 
tromotive force across the winding, as measured by a voltmeter, 
and / is the current in the winding as measured by an ammeter. 
The actual power delivered by the winding is less than Z/. That 
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is to say, the power factor of the generator is less than unity.* 
That is, the output capacity of a Y-connected three-phase gen- 
erator may be slightly increased by providing a fourth line wire 
as shown in Fig. 236, if triple harmonics exist. 

When a three-phase generator having triple harmonics of elec- 
tromotive force is A-connected to a three-wire line its output 
capacity is less than it would be if four line wires were used as in 
Fig. 236 for two reasons, namely, first the short-circuit triple 
harmonic of current reduces the available voltage of each wind- 
ing by annulling the triple harmonic of electromotive force by 
armature reaction, and second the short-circuit triple harmonic 
of current adds to the heat generated in the armature windings, 
and the capacity rating of the machine is thereby reduced. 

* The student should be able to derive an expression for the power factor in terms 


of the effective values of the fundamental and triple harmonics of the generator elec- 
tromotive forces, higher harmonics being ignored. See Art. 75. 


APPRENDI XS A: 
INDUCTANCE AND CAPACITY OF TRANSMISSION LINES. 


83. Inductance of transmission line. — The inductance of a 
transmission line is given by the formula 


D—R 
L = 0.001483 x log,, (“3-) (91) 


in which Z is the inductance of the line in henrys per mile 
(actual mile of pole line), D is the distance apart of the two wires 
center to center, and F# is the radius of each wire, D and R 
being both expressed in terms of the same unit. This equation 
is only approximately true as will appear in the following deriva- 
tion, and indeed for most practical purposes we may use the 
equation 


D 
L = 0.001483 log,, (=) (92) 


because the radius of transmission wires is usually quite small as 
compared with their distance apart. 
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Derivation of equation (gr). — Figure 237 is a sectional view 
of the two wires W/W’ of a transmission line with outflowing 
current / abamperes in one wire and returning current / in 
the other wire. In order to determine the inductance of one mile 
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of the line (161,000 centimeters of line) it is necessary to find 
the magnetic flux which passes between * the wires of one mile 
of the line, that is to say, it is necessary to find the magnetic flux 
which crosses the plane PP, Fig. 237. Consider an element of 
this plane of which the width is Ax and the length is 161,000 
centimeters, and of which the distance from the center of the wire 
W' is x. The magnetic field intensity at this element due to 
the current in wire W’ is ‘ 


pues 


s (i) 


and the magnetic field intensity at this element due to the current 
in wire W"’ is 

ZL . 
pees (il) 


H" — 


Multiplying the total magnetic field intensity H7’+ H/”’ at the 
element by the area of the element (161,000-A%) we have the 
flux across the element, whence, using the values of H’’ and 
ff’'. from equations (ii) and (iii), we find 


Zz 1 
A® = 322,000 ( ai ts ) (iii) 


4 D4 
Integrating this equation between the limits x= R and 
x= D—R, we have 


D—R 
® = 644,000 log, (—-) (iv) 


but the magnetic flux which passes between the wires is equal to 
the inductance of the wires multiplied by the current, that is 
®=//. Therefore, from equation (iv) we have 


DZR 
L = 644,000 log, ( r) (v) 


This gives the inductance of one mile of the line in abhenrys. To 
find the inductance in henrys divide by 10°, whence, using ordi- 


* The flux which crosses through the material of the wires is neglected in this dis- 
cussion, and therefore equation (91) is only approximately true. 
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nary logarithms instead of natural logarithms, we get equation 
(91). 

84. Capacity of transmission line. — The capacity of a trans- 
mission line is given by the formula 


Pee 1.943 
¥ D—R (93 
LO axalog:, (=) ) 

in which C is the capacity of the line in farads per mile (actual 
mile of pole line), D is the distance apart of the two wires center 
to center, and “# is the radius of each wire, D and XR being 
both expressed in terms of the same unit. This equation is only 
approximately true as will appear in the following discussion, and 


indeed for most practical purposes we may use the formula 


I e (94) 
10° x log,, (=) 


Equation (93) for the capacity of a transmission line may be 


derived from equation (91) by using equation (g) on page 87. 
It is instructive, however, to derive equation (93) directly as 
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follows : Figure 238 is a sectional view of the two wires WW” WW" 
of a transmission line, and to find the capacity it is necessary to 
determine the voltage between the wires with an assumed amount 
of charge per unit length on each, positive on one wire and nega- 
tive on the other. The wires are small in diameter as compared 
with their distance apart, and therefore the charge is uniformly 
distributed around each wire,* and the electric field due to either 


* This assumption of uniform distribution of charge around each wire is not of 
course exactly true, and therefore equation (93) is only approximate. 
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of the wires alone is symmetrical with respect to the wire. Let 
e’ be the intensity of the electric field due to charge on W” at 
all points distant + centimeters from the center of W’. Then 
2male! is the electric flux outwards from / centimeters of the 
positively charged wire, and this flux is, according to Gauss’s 
theorem, proportional to the charge /Q on the wire. In fact the 
flux when expressed in volts per centimeter x square centimeters 
is equal to 1.131 x 10% x the charge in coulombs. Therefore 


ancle! = 1.131 x Io*° x Ox 
whence 
bist Chloe 


= (i) 
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in which e’ is expressed in volts per centimeter and Q is ex- 
pressed in coulombs. The electric field intensity ¢/’ at the point 
p, Fig. 238, due to the negative charge on wire W’’ is given 
by the equation 


Gear eog ee ) E (i) 


The total field intensity at the point p in Fig. 238 is e’ 4 e!’ 
volts per centimeter, which, multiplied by the small element Az 
of the dotted line gives the voltage along this element, namely, 


AE ee) Ne (iii) 


Substituting the values of e’ and e¢’’ from equations (i) and (11) 
in equation (iil) and integrating the resulting expression from 
z=R to t= D—R, we have 


Ips te een, 
T 


k= 


ieee 4 (iv) 


-Q log, (— 


in which £ is the electromotive force in volts between the wires 
and Q is the charge in coulombs on each centimeter of each 
wire, positive charge on one and negative charge on the other. 
The charge on one mile (161,000 centimeters) of one wire is 
161,000 Q, whence, from equation (iv) we have 
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Charge on one mile E 161,0007 
of either wire o ie (- _ *) (v) 
iiss x elO.. <alor: 


so that the quantity in the square brackets is the capacity of one 
mile of the transmission line in farads, and we get equation (93) 
by changing to the common logarithm in the denominator. 
Rigorous formula for the capacity of parallel cylinders, — A 
point charge is an electric charge concentrated at a point, and a 
line charge is an electric charge distributed uniformly along a 
straight line. Point charges and line charges are of course 
mathematical ideals. Let A and B, Fig. 239, represent two 


Fig. 239. 


line charges, positive and negative, perpendicular to the plane of 
the paper, there being Q coulombs of positive charge per centi- 
meter of length of A and Q coulombs of negative charge per 
centimeter length of &. Consider the electric field due to A 
alone. This electric field is given by the equation 


eal ae Gate? a) 
27 rv 


Cie (vi) 
By integrating this expression between the limits r=7, to 


y=dad we have 


19 
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[sislexelon 
207 


i O(log, d cn log, 1) 


as the potential difference between the origin and the point # in 
so far as this potential difference depends upon the charge 4A. 
Similarly we find 


ep ESS 2hO)S 
2 


- O(log, 7, — log, d) 


as the potential difference between the origin and the point f in 
so far as this potential difference depends upon the charge J. 
Therefore the total potential difference between the origin and the 
point # due to both charges is 


1SL3 te xeO.4 
20 


y= - OAlog, 7, — log.) 


which may be written in the form 
x, : 
y= KO log, (” ) Gan 


in which X is written for the constant 1.131 x 10/27. 
The equipotential surfaces may be found by placing w=a 
constant, which gives 


~ 


2 


| 


= a constant (viii) 


= 


i) 


which is the equation to a system of circles, as shown in Fig. 
240, that is to say, the equipotential surfaces are a system of cir- 
cular cylinders with their axes parallel to the linear charges A 
and 4, and the circles in Fig. 240 are the intersections of these 
cylinders with the plane of the paper. 

An equipotential surface in an electric field may be replaced 
by a thin metal shell without altering the distribution of the field 
in any way.* Thus, the plane equipotential surface CD in Fig. 

* The line of argument in this paragraph gives rise to the theory of electric images. 


See Llements of Electricity and Magnetism, by J. J. Thomson, pages 140-185, 
Cambridge, 1904. 
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240 may be replaced by a plane sheet of metal, and any one of 
the cylindrical surfaces, for example the surface ZF, may be 
replaced by a cylindrical shell of metal. Under these conditions, 
the total charge on CD is negative, and on each unit length of 
CD perpendicular to the plane of the figure the amount of charge 
is the same as on the line 8; also the amount of charge per 
unit length of the cylinder ZF is the same as the charge per 


Cc 


Fig. 240. 


unit length of the line A; and equation (vii) is an expression 
for the potential difference between the plane CY and that par- 
ticular cylinder E/ which corresponds to the chosen value of 
the ratio 7,/r, in Fig. 239. Therefore the factor by which Q 
is multiplied in equation (vii) is the reciprocal of the capacity per 
unit length of the cylinder ZF andthe plane CD taken together 
to form a condenser. 

To derive an expression for the capacity of two parallel cylin- 
ders GH and EF, Fig. 240, consider that equation (vii) ex- 
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presses the potential difference netween CD and ZF, and that 
the potential difference between GH and CD may be expressed 
by an equation similar to (vii), namely 


yl 
y= KOlog,(", ) (ix) 
2 
Therefore the total potential difference between GH and EF is 


y+’ = KO log, ( 9) (x) 


md) 
WY, 


The coefficient of Q in this equation is the reciprocal of the 
capacity per length of the cylinders GH and ZF. This expres- 
sion for capacity may be transformed so as to contain the radius R, 
of EF, the radius R, of GH and the distance D=(D,+ D,) 
between centers of HF and GH, giving for the value of C in 


‘electrostatic’ units per centimeter length of pair of cylinders :— 
I 


som [Aaa Vv [D— (R,+R,)] [2?+(R,—R,)] tee 
Se PAK 


To derive this equation from equation (x) consider Fig. 241 in 
which the fine-line circle of which the diameter 2d is equal to 
the distance between the line charges A and B. This circle 
cuts both £/ and GH orthogonally ; therefore cOp and c/ Op! 
are right triangles and we have: 

d? =D? — Re... (xi) 
and 

Ga) ene (xii) 

The ratio of two lines drawn from A and J# to any point on 

EF is equal to +,/r, according to equation (viii). Consider the 
point g. The distance Ag isequal to d—(D,—R,) and the 
distance Bg is equalto ad+(D,—R,). Therefore 


Tet (Do) =p 
5 SLE AL L. TEPN X11 
a LEN (xiii) 

* See The Theory of Electricity and Magnetism, by A. G. Webster, Macmillan 
and Company, 1897, pages 311-315. 
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and similarly, by considering the point g’ on this circle GH 
we have 
r' d+ (D, = Ry) 
To) a d— (D, — &,) 


(xiv) 
Also we have 
DPD) DD, (xv) 
Using equations (xili) and (xiv), we have at once an expression 
for 77,//7,7' which can be reduced to a form containing D, 
R, and &, by using equations (xi), (xii) and (xv). 


Fig. 241. 


85. Inductance and capacity of Seibt’s artificial transmission 
line as shown in Figs. 122 and 123. — The inductance per unit 
length of this arrangement of Seibt’s is mainly dependent upon 
the inductance of the long solenoid or coil, which is equal to 
47°z°r*/10° henrys per centimeter of length, where 2 is the num- 
ber of turns of wire per centimeter length of the solenoid and 7 
is the radius of the solenoid in centimeters. * 

The capacity of Seibt’s arrangement per unit length is sensibly 


* See Franklin & MacNutt’s Elements of 2/ectricity and Magnetism, page 154. 
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the same as the capacity of two metal cylinders one of which 
has the same radius as the long solenoid and the other of which 
is the fine wire WW in Fig. 122. Therefore the capacity per 


unit length is given by equation (95). 
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ELECTROMAGNETIC AND ELECTROSTATIC SYSTEMS 
OF UNITS. 


One of the greatest annoyances in the study of any branch of 
physical science is the entirely unnecessary multiplicity of units 
in common use. Thus, we have in the theory of electricity and 
magnetism the electromagnetic c.g.s. system of units, the electro- 
magnetic practical system of units, and the electrostatic system of 
units where a single system of units would suffice. Certain elec- 
tric and magnetic units are defined in the same way in all of these 
systems. Thus a wire has one unit of resistance when one unit 
of current generafes one energy-unit of heat in the wire per 
second, a condenser has unit capacity when one unit of charge 
is forced into it by one unit of electromotive force, an electric 
circuit has one unit of inductance when one unit current in the 
circuit has one half a unit of kinetic energy.* On the other hand, 
certain electric and magnetic units are defined differently in the 
electromagnetic and electrostatic systems and a clear insight into 
the electrostatic and electromagnetic systems of units may be 
obtained by considering only those units which are differently 
defined in the two systems as follows: 

The electromagnetic c.g.s. system of units is based upon the 
following five equations : 

(i) | Fa- a 

in which F is the force in dynes with which two magnet poles 
m, and m, repel each other, @ is the distance between the poles 
in centimeters, and p isthe magnetic permeability of the inter- 

* It does not follow that the units of resistance, capacity, inductance, etc., are same 


in the different systems. Thus the unit of resistance is defined in terms of the unit of 
current and the unit of current is different in the different systems. 
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vening medium. ‘Taking the value of » arbitrarily equal to unity 
for air, this equation defines the ‘‘ electromagnetic ” unit of mag- 
net pole, that is to say, the unit pole in the electromagnetic sys- 
tem is a pole of such strength that it will exert a force of one 


dyne upon an equal pole at a distance of one centimeter in air. 
(ii) La dak 


in which / is the force in dynes with which a magnet pole of 
strength mm is acted upon when it is placed at a point in a mag- 
netic field of which the intensity is 7. This equation defines 


’ 


the ‘“ electromagnetic” unit of magnetic field intensity, the gauss. 


A magnetic field has an intensity of one gauss when it exerts a 


” 


force of one dyne upon an “electromagnetic ’’ unit pole. 


I 
(iii) S=— -: He 

41 
in which S is the intensity of the energy stream in an electro- 
magnetic field in ergs per square centimeter per second, /7 is 
the intensity of the magnetic field in gausses, and ¢ is the inten- 


d 


sity of the electric field in “electromagnetic c.g.s.’’ units (abvolts 
per centimeter); S, 4 and e being mutually perpendicular. 


This equation defines the abvolt per centimeter. 

(iv) = ge 

in which / is the force in dynes exerted upon a charge g by 
an electric field of which the intensity is e abvolts per centi- 
meter. This equation defines the “ electromagnetic c.g.s.’’ unit 
of charge (the abcoulomb) as that charge which is acted upon by 


a force of one dyne when it is placed in an electric field of which 
the intensity is one abvolt per centimeter. 


Lag. 
(v) Laer 


in which F is the force in dynes with which two concentrated 
charges g, and g, (both expressed in abcoulombs) attract each 
other. This equation defines the inductivity « of the medium. 
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A medium would have an inductivity of one “ electromagnetic 
c.g.s."’ unit if an abcoulomb of concentrated charge exerted a 
force of one dyne upon another abcoulomb of concentrated charge 


at a distance of one centimeter in that medium. The inductivity 


” —21 


of air in ‘electromagnetic c.g.s.”’ units is 1.11 x 107” units. 

The electrostatic system of units is based upon the same equa- 
tions as above, but with the inductivity of the air taken arbitrarily 
equal to unity; and the equations are used in the reverse order 
in defining the various units: 

2 Gkie 

(v) PS a5 
in which « is arbitrarily taken equal to unity for air, and the 
‘““electrostatic”’ unit of charge is defined as that charge which will 
exert a force of one dyne upon an equal charge at a distance of 
one centimeter in air. 
(iv) P= ge 


’ 


On the basis of this equation the “electrostatic” unit of electric 
field intensity is defined as a field which will exert one dyne upon 


an ‘electrostatic’ unit of charge. 
(iii) S=—.He 


On the basis of this equation the “electrostatic” unit of mag- 
netic field is defined as a field of such intensity as to give an 
energy stream of 1/47 ergs per square centimeter per second 
in conjunction with an “electrostatic’’ unit of electric field; /, 
eand S being at right angles to each other. 


(ii) F=mH 


’ 


On the basis of this equation the “ electrostatic’’ unit of magnet 
pole is defined as a pole which will be acted upon by a force of 


one dyne by a magnetic field of one “electrostatic” unit in- 
tensity. 
(i) f= 


gees 
bp a? 
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On the basis of this equation the “electrostatic”? unit of perme- 
ability is a permeability such that an ‘‘electrostatic”’ unit pole 
would exert a force of one dyne upon an equal pole at a distance 
of one centimeter in a medium of which the permeability is one 


’ 


“electrostatic ’’ unit. 


TABLE. 


RELATIVE VALUES OF UNITS. 
v = 3 Io! centimeters per second. 


The units of the practical system are the ampere, the volt, the ohm, the coulomb, 
the farad and the henry. Itis convenient to use the prefix aé to designate the ‘‘ elec- 
tromagnetic c.g.s.’’ units, namely, the abampere, the abvolt, the abohm, the abcou- 
lomb, the abfarad and the abhenry. 

” unit of charge =1/v abcoulombs = 10/v coulombs. 
One ‘‘ electrostatic’’ unit current = 1/zv abamperes = 10/v amperes. 
One ‘electrostatic’? unit magnetic field —1/v gausses. The unit of magnetic 


field intensity in the ‘‘ electromagnetic ’”’ 
? 


One << electrostatic 
Dd 


system is called the gauss. 


One ‘‘electrostatic’’ unit of electromotive force == v abvolts = v/ 10% volts. 


One ‘* electrostatic ’ 


) 


unit of electric field =v abvolts per centimeter = v/ 10° 
volts per centimeter. 

One ‘‘ electrostatic’’ unit magnet pole =v ‘‘electromagnetic’’ units of magnet 
pole. 


’ 


One ‘‘electrostatic ’’ unit of capacity = 1/v? abfarads = 10°/v? farads. 


’ unit of inductance =v? abhenrys = v2/10® henrys. 


One “‘ electrostatic’ 
One ‘‘ electrostatic ’’ unit of resistance = v? abohms v’/10% ohms. 


The reason for the appearance of the velocity of light w in this 
table of ratios of electric and magnetic units may be seen from 
equations (5@) and (6a) on page 85 as follows. Consider equa- 
tion (6) on page 84. The factor a@ in this equation is the 
inductivity of the air in ‘electrostatic’? units and it is equal to 
1/v’ according to the footnote on pages 83 and 84; and the fac- 
tor ax in equation (6a) on page 85, which should be repre- 
sented by the single letter «, is the inductivity of any given 
medium. Consider what the velocity V in equations (52a) and 
(62), page 85 would have to be in order that e which is induced 
by the motion of HY may be the same thing as ¢’ which by its 
motion induces /7’, and in order that H/’ may be the same 
thing as 77. Under these conditions V is the velocity of light, 
the same thing as v inthe above table. Therefore, writing v 
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for V in equations (52) and (6a) on page 85, and solving, we find 


I 
TE Vi 
FEE (vi) 
that is, the velocity of an electromagnetic wave in any medium is 
equal to the square root of the product of the permeability of the 
medium and the inductivity of the medium. Therefore, whatever 


units are employed, we have 
I *s 
pk = (vii) 


In the “electrostatic” system « for air is taken arbitrarily 
equal to unity so that equation (v) for air becomes 


Peele (viii) 


when “ electrostatic’? units are employed. On the other hand, 
system m for air is taken arbitrarily 


” 


in the “electromagnetic 
equal to unity so that the inductivity of air in this system is equal 
to 1/v* according to equation (vii). Therefore in the “ electro- 


magnetic ” system equation (v) becomes 
Q ; 
F=v’. ae (ix) 


Given two charges which exert a force of one dyne on each 
other at a distance of one centimeter (‘‘electrostatic”’ unit 
charges), The force exerted by these two charges is of course 
unchanged if we assume both charges to be expressed in “ elec- 
tromagnetic ”’ units according to equation (ix), that is, / in equa- 
tion (ix) is one dyne if Q and Q’ are each one “ electrostatic” 
unit, but when expressed in “electromagnetic” units, the numeri- 
cal valuesof Q and Q’ must each be equal to 1/v to give / 
equal to one dyne. That is to say, to express a given charge in 
“ electromagnetic”’ units requires a number wv times as small as 
to express the same charge in “electrostatic”? units. Therefore 
the “ electromagnetic’’ unit of charge is v times as large as the 


” 


‘electrostatic’ unit of charge. 


APPENDIX. G: 
PROBLEMS. 


CHAPTER I. WatTER WAVES. 


1. The sidewise velocity of the wire in the tube WW’, Fig. 
2, page 13, is the same at every part of the tube, that is to say, 
the velocity is represented by the ordinate y of the rectangle in 
Fig. 3. Suppose the tube WV’ to be parabolic in shape with 
the vertex of the parabola at WV and the axis of the parabola in 
the direction Wa. Under these conditions determine the shape 
of the curve ad, the ordinates of which represent the sidewise 
velocity at each point of the wire in the tube. 4 v. 

2. What is the most suitable velocity of propulsion of a canal 


boat in a canal 7 feet deep? Ans. 15 feet per second. 

Note. — When a canal boat is propelled at the velocity of wave progression in the 
canal, it rides on the wave which it produces, and less force is required to propel it 
than would be required to propel it at a considerably less velocity ; also the agitation 
of the water is less pronounced than it would be if the boat were traveling at consid- 
erably less velocity, and the washing of the canal banks is correspondingly less. This 
fact was discovered by John Scott Russell about 1830. See Section 6 of Article 
“Wave” in Encyclopedia Britannica, Ninth Edition. 


3. An earthquake in Japan usually produces a wave in the 
adjoining ocean. The motion of the water in such a wave is 
approximately a uniform horizontal flow from top to bottom of 
the ocean at a given point, and therefore the velocity of progres- 
sion of such a wave is determined by equation (2) on page 15. 
If the average depth of the ocean between Japan and San Fran- 
cisco is 18,000 feet, how long a time will be required for an 
earthquake wave in the ocean to travel from Japan to San Fran- 
cisco, a distance of approximately 5,000 miles? Ans. 9.64 
hours. 

4. In a tidal wave which travels up a river from the ocean the 
motion of the water is approximately a uniform horizontal flow 
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from top to bottom of the river at a given point and therefore the 
velocity of progression of such a wave is determined by equation 
(2) on page 15. How much later does high tide occur at a 
point 100 miles up a river than at the mouth of the river, the 
depth of the river being, say, 20 feet? Ans. 5.77 hours. 

5. Find the period of oscillation of the water in a rectangular 
trough 10 feet long and 2 feet deep. 

6. The duration of a lunar day (interval between two successive 
passages of the moon over a given meridian) is about 24.8 hours. 
Find the depth of a canal in which a wave would travel once 
around the earth’s equator in one lunar day. Ans. 13 miles deep. 

Vote. — The passage of a wave round and round a reéntrant canal constitutes a 
state of oscillation of the water in sucha canal, and one period of oscillation is the 
time required for a wave to travel once around. If the tropical ocean were a belt of 
water of uniform width and uniform depth around the earth, and if its depth were 
such as to cause its period of oscillation as here defined to be equal to one lunar 
day then the tendency would be for the tide-producing action of the moon to build up 
excessive tides because of resonance. 

7. Make a series of drawings and plot a series of curves as 
suggested in the footnote on page 26. 

8. Two steel rails each 30 feet long, moving at velocity of 4 
feet per second, strike together endwise as shown in Fig. 8g. For 


Vs, dS ae SDeRaE Oye sen CLUE KT4 5 ee ae = 
c ab —_—_—____— d 
4 feet per second 4 feet per second 
Fig. 8p. 


how longa time do the ends ad of the rails remain in contact ? 
What is the minimum distance between the ends cd? The 
velocity of longitudinal waves along a steel rail is 17,000 feet 
per second. Ans. 0.00353 second; 59.97176 feet. 

9. A steel rail 30 feet long strikes against a rigid wall as ex- 
plained on page 30, and the rail is assumed to stick fast to the 
wall so that it may continue to oscillate as described in Art. 10. 
Plot a curve of which the ordinates represent the varying distance 
of the free end of the rail from the wall and of which the abscissas 


286 ELECTRIC WAVES. 


represent elapsed times. Plot a curve of which the ordinates rep- 
resent the varying distance of the middle point of the rail from 
the wall and of which the abscissas represent elapsed times. Plot 
a curve of which the ordinates represent the varying velocity of a 
point 7.5 feet from the free end of the rail and of which the ab- 
scissas represent elapsed times. 

10. Plot a curve of which the ordinates represent the varying 
distance of the middle point of the helical spring of Fig. 35 from 
the fixed end of the spring and of which the abscissas represent 
elapsed time, the initial stretch of the spring being 2 inches. 

11. Assuming the face of the hammer to come squarely against 
the end of the steel rod in Fig. 36, calculate the greatest velocity 
of the hammer which will not batter the end of the rod (1) on the 
assumption that the material of the hammer is absolutely rigid, 
and (2) on the assumption that the hammer is made of the same 
kind of steel as the rod and that the hammer is in the form of a 
short cylinder of the same diameter as the rod. Ans. (1) 30.7 
feet per second; (2) 61.4 feet per second. 

Note. — The resilience of a material is the amount of potential energy per unit 
volume in the substance when it is strained to its elastic limit. The density of steel 
is 584 pounds per cubic foot and its resilience is 8640 foot-pounds per cubic foot. If 
the hammer in Fig. 36 is assumed to be perfectly rigid, the velocity w of the steel in 
the-wave is equal to the velocity of the hammer before it strikes the end of the rod. 
If the hammer is of the same material as the rod and if it is cylindrical and of the 
same diameter as the rod, then the velocity 7 of the steel in the wave is equal to half 
the velocity of the hammer before it strikes the end of the rod. 

12. Many substances, for example cast iron and glass, sustain 
a much greater stress under compression than under tension. 
Imagine a rectangular wave of compression, 2 inches long, to travel 
along a glass tube and be reflected from the free end of the tube, 
and suppose the compression in this wave to be approximately at 
the limit of strength of the material. Plot a sketch showing the 
region where the compression first changes to tension at the time 
of reflection. How long aportion of the end of the tube will be 
broken off? Ans. 1 inch, 
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CHAPTER IJ. Wave-Trarins anp Mopes or OSCILLATION. 


13. Plot two sine curves along the same axis of abscissas, one 
of the sine curves to represent a snap-shot of a simple wave-train 
traveling along a rubber tube, and the ordinates of the other sine 
curve to represent the sidewise velocity of the rubber tube or 
the degree of stretch of the tube at each point. 

14. Given two oppositely moving similar trains of waves A 
and B, Fig.14f; @=1.5 inches, 6= 2.5 inches, and c = 5.5 


Fig. i4p. 


inches. Draw these two wave-trains with point » of the upper 
train directly over the point / of the lower train, as shown in 
the figure, and draw the resultant of the two trains for this posi- 
tion. Make five additional drawings showing A and # and 
their resultant } of a period later, 3 of a period later, § of a period 
later, and 3 of a period later, a period being the time required 
for the waves to travel over the distance 6 +c. 

15. A simple train of sound waves coming from a distant body 
vibrating 256 times per second, strikes a wall perpendicularly 
and is reflected. A standing wave-train results. At certain dis- 
tances from the wall, or at certain points A, the air is subjected 
alternately to compression and rarefaction but does not move ; 
and at certain distances from the wall, or at certain points 4, the 
air moves to and fro but is not condensed or rarefied. What are 
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the points A called, and what are the distances of this series of 
points from the wall? What are the points 4 called, and what 
are the distances of this series of points from the wall? To which 
series of points does the surface of the wall belong? Ans. 
Distances to points A 64.5, 129, 193.5 centimeters, etc.; dis- 
tances to points B 32.25, 96.75, 161.25 centimeters, etc. 

16. The ear is affected only by variations of pressure, not by 
air movements. At what distance, or distances, from a reflecting 
wall will the sound of a distant body become inaudible when the 
body makes 125 vibrations per second and the sound strikes the 
wall perpendicularly? Ans. 66, 198, 330 centimeters, etc. 


CHAPTER III. ELECTROMAGNETIC ACTION. 


17. An electric field like that which is represented in Fig. 63 
decreases in intensity at the space-rate of 100 volts-per-centimeter 
per centimeter of distance along the axis of reference. (a) Find 
the electromotive force around a rectangle in the plane of the 
paper in Fig. 63, the rectangle being 30 centimeters long (parallel 
to AB Fig. 63) and 20 centimeters wide. (0) Find the rate at 
which the magnetic flux through this rectangle must be changing 
in order to produce this electromotive force around it. (c) Find 
the rate at which the magnetic field in Fig. 63 perpendicular to 
the paper is changing because of the tapering of the electric field. 
Ans. (2) 60,000 volts; (6) 6 x 10 maxwells per second; (c) 
I x 10’° gausses per second. 

18. Consider two line wires (ribbons) AA’ BB’ Fig. 18p, and 
imagine the current in these wires (ribbons) to be distributed so 
that the current at any point / is represented by the ordinate y 
ofa straight line CC. The magnetic field between the ribbons 
is a tapering field as described in connection with Fig. 65 on page 
62, the lines of force of the field being perpendicular to the paper 
in Fig. 18p and directed away from the reader. The intensity of 
the magnetic field in gausses at any point p is equal to 47 times 
the abamperes of current per centimeter of width of ribbons. The 
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Fig. 18p. 


current at the point #p is 50 amperes, and the current at point 
p'p’ is zero. Find the rate at which the electric field from 
ribbon AA’ across to ribbon B4’ is increasing in volts per 


centimeter per second. 


Vote. —The simplest method of handling this problem is to calculate the rate at 
which charge is accumulating on each square centimeter of the inner faces of the rib- 
bons due to the tapering current, positive charge on ribbon 4A’ and negative charge 
on ribbon 447’, and to consider, with the help of Gauss’s theorem, the intensity of 
the electric field which is associated with these charges as follows. Consider one 
square centimeter of the inner face of the upper ribbon. The current which flows into 
this area across one side is one ampere greater than the current which flows out of it 
on the other side according to the data of the problem, and therefore one coulomb of 
charge is collecting per second upon each square centimeter of the inner faces of the 
ribbons. The total electric flux which emanates from one coulomb of charge is 
1.131 & 10/8 lines, where one line is the amount of flux crossing one square centi- 
meter in an electric field of which the intensity is one volt per centimeter. There- 
fore, since one coulomb of charge is collecting per second on each square centimeter 
of the ribbon 4A’, it follows that the electric field between the ribbons is increasing 
at the rate of 1.131 X 10! volts per centimeter per second. See Franklin and Mac- 
Nutt’s Zlements of Electricity and Magnetism, Arts. 91 and 98. 


19. A long wire of which the resistance per centimeter of 
length is 0.02 ohm carries a current of 30 amperes. (a) Find the 
rate at which energy flows in upon each centimeter of length of 
the wire in ergs per second. (4) Find the intensity of the energy 
stream in ergs per second per square centimeter at a point dis- 


20 
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tant 15 centimeters from the axis of the wire. (c) Find the in- 
tensity of the electric field parallel to the wire in abvolts per cen- 
timeter. (¢) Find the intensity of the magnetic field in gausses 
at a point distant 15 centimeters from the axis of the wire. Ans. 
(a) 18 x 10’ ergs per second; () I.91 x 10° ergs per square 
centimeter per second; (c) 6 x 10’ abvolts per centimeter ; (@) 
0.4 gauss. 

20. Consider two line wires in the form of two flat metal rib- 
bons 50 centimeters wide and 3 centimeters apart. Ata given 
point ~ the electromotive force between the ribbons is 100 volts 
and the current in each ribbon is 10 amperes. (@) Find the rate 
in ergs per second at which energy flows past the point # from 
the generator towards the receiver in ergs per second using the 
ordinary formula, P= EJ, (0%) The electric field intensity be- 


A Pp B 
Se 
‘ —t~ 10 amperes 


generator 3 cm. < 100 volts receiver 


<—_i— 10 amperes 
A Pp 'B’ 
Fig. 20p. 

tween the ribbons at the point / is 33.3 volts per centimeter and 
the magnetic field between the ribbons is uniform and perpen- 
dicular to the plane of the paper in Fig. 20f. Find the intensity 
of the magnetic field in gausses. Ans. (@) 10'° ergs per second ; 
(6) 0.251 gauss. 

Note. — The energy which is transmitted past the point / streams through the re- 
gion between the ribbons and therefore the sectional area of the energy stream is 150 


square centimeters. See Arts. 19 and 20, It is intended that the magnetic field in- 
tensity be calculated with the help of equation (4) on page 67. 


CHAPTER IV. ELECTROMAGNETIC WAVES. 


21. The capacity of one mile of a transmission line is 0.1 mi- 
crofarad, and the voltage between the wires is 1,000 volts. Find 
the amount of charge on one mile of each of the wires, and cal- 
culate the current required to transfer this charge forwards into 


APPENDIX C. 291 


the next mile of the line during the time required for an electro- 
magnetic wave to travel one mile (1/186,000 of a second). Ans. 
18.6 amperes. 

Vote.— This problem illustrates the meaning of equation (64) on page 86. 

22. Make a series of sketches as suggested in the footnote on 
page 88. 

28. Make a series of sketches as suggested in the footnote on 
Page O4- 

Note.— The successive configurations of the oscillating line in Fig. 100 may be 


thought out in the simplest possible manner by imagining a long-drawn-out wave 
WWW), Fig. 23, to shoot out from the battery & very much like a ribbon 


B 
reflection reflection 
with with 
reversal reversal 
of E of I 
A 


Fig. 23p. 


coming continuously out of the mouth of a prestidigitateur. The total current in the 
line and the total voltage across the line at any given point and at any given instant is 
found by adding up the voltages and currents associated with the successive laps of the 
long-drawn-out wave. From % to A is one complete oscillation of the line. 


24. Make a series of sketches as suggested in the footnote on 
page 96. 

25. A transmission line consists of two copper wires each 0.5 
inch in diameter at a distance of 36 inches apart center to center 
and has a current of 100 amperes in it due to short-circuit at the 
end of the line. The end of the line is suddenly opened. Calculate 
the value to which the voltage between the wires would rise if it 
were not for the breaking down of the insulation. Ans. 59,620 


volts. 
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Note.— See Appendix A for formulas for calculating inductance and capacity of 
transmission lines, ‘The answers to this and the following problems are calculated 
from capacity and inductance as determined by equations (92) and (94). 

26. The transmission line specified in problem 25 is open at the 
distant end and it has an electromotive force of 100,000 volts 
connected between the wires so as to charge them as the two 
plates of a condenser. The distant end of the line is then sud- 
denly short-circuited. Find the value of the current which is 
established in the line wires immediately after the short-circuit. 
Ans. 167.7 amperes. 

27. A r1oo-volt battery of negligible resistance is connected to 
a transmission line the distant end of which is short-circuited. 
The diameter of the wires of the transmission line is ¥% inch, 
their distance apart center to center is 36 inches, their resistance 
is assumed to be negligible and they are assumed to be perfectly 
insulated from each other. Plot a curve of which the ordinates 
represent the successive instantaneous values of the current at the 
battery end of the line and of which the abscissas represent 
elapsed times, the length of the line being 5 miles. 

Note. — At first a wave shoots out from the battery as indicated in Fig. 100, the 
voltage in this wave being equal to the battery voltage, and the current being related 
to the voltage according to equation (7b). When this wave reaches the short-cir- 
cuited end of the line, the voltage at the extreme end of the line drops to zero and the 
current isdoubled. This condition of zero voltage and doubled current is established 
over the whole line by a wave of arrest which travels back towards the battery end 
of the line; and when this wave reaches the battery end, battery voltage and trebled 
current are established over the whole line by a wave of starting. When this wave 
of starting reaches the short-circuited end of the line the voltage drops to zero again 
and the current rises to a quadrupled value, and this quadrupled current and zero volt- 
age are established over the whole line by a wave of arrest which travels back towards 
the battery end of the line, and so on. See Note to problem 23. 

28. Describe the precise manner in which a train gains velocity 
under the constant pull of a locomotive suddenly applied, ignoring 
friction. 

Note. —The manner of starting the train is precisely analogous to the manner of 
setting up current in the transmission line in problem 27. 

29. The transmission line specified in problem 27 has its distant 
end open. Plot a curve showing the successive instantaneous 
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values of current at the middle of the line when a 100-volt bat- 
tery of negligible resistance is suddenly connected to one end of 
the line. 


LVote.—See Note to problem 23. 


30. The rear end of a train is tied toa post. Describe the be- 
havior of the train under the constant pull of a locomotive suddenly 
applied, ignoring friction. 

Vote. — The behavior of the train in this case is precisely analogous to the oscil- 
lations of the open-ended transmission line under the conditions specified in problem 29. 

31a. Calculate the resistance of a non-inductive receiving circuit 
which will completely absorb an electromagnetic wave on the 
transmission line specified in problem 27. Ans. 596.2 ohms. 

31b. A transmission line has such inductance and capacity per 
unit length that a pure wave with 10,000 volts across the line has 
IO amperes in each wire. A long-drawn-out rectangular elec- 
tromagnetic wave comes up to the end of this transmission line 
where a non-inductive receiving circuit is connected across the 
line. The voltage in the wave is 7,000 volts and the resistance 
of the receiving circuit is 500 ohms. Find the current and 
voltage in the reflected wave and specify which is reversed at 
reflection. Ans. Current equals 2.333 amperes, voltage equals 
2333 volts. Voltage is reversed. 

3lc. A battery of which the resistance is 500 ohms and of 
which the electromotive force is 8,000 volts is at a given instant 
connected to the end of the line which is specified in problem 314. 
Find the value of current and voltage in the pure wave which 
starts out from the battery. Ans. /= 5.333 amperes, F = 5333 
volts. 


Note. — Let Z be the current in the wave (and of course in the battery). Then 
8000 7 is the voltage across the terminals of the battery or the voltage in the 


wave, and we have 
4C(8000 — Ry 7)? = 3L/? 


which determines /. 


82. A 10,000-volt battery of negligible resistance is connected 
to the end ofa five-mile transmission line like that specified in 
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problem 27, and the distant end of the transmission line is con- 
nected to a non-inductive receiving circuit of which the resistance is 
1,192.4 ohms. Plot a curve of which the ordinates represent the 
values of the current at the battery end of the line and of which 
the abscissas represent times reckoned from the instant of con- 
necting of the battery. Resistance of line wires assumed to be 
negligible. 

Note. — Under the conditions specified in this problem, a first wave, of battery 
voltage and corresponding current, shoots out from the battery end of the line and is 
partially reflected from the receiver end of the line, as explained in Art. 28. This 
reflected wave is then completely reflected from the battery end of the line with re- 
versal of voltage phase, and this completely reflected wave is again partially reflected 
from the receiver end, and so on. The successive instantaneous values of current at 


the generator end of the line are represented by the ordinates of the broken curve in 
Fig. 324. The ordinate @ of the dotted line is equal to the ultimate steady value of 


| 


axis of amperes 


axis of elapsed time 


Fig. 32p. 


the current (10,000 volts divided by 1,192.4 ohms) and the distance 4 is equal to the 
time required for an electromagnetic wave to travel over twice the length of the line. 

In this problem the initial value of the battery current is greater than the ultimate 
current because the receiving circuit has a resistance greater than VL] C. It is in- 
teresting to consider the case in which the resistance of the receiving circuit is less than 
Vi C. Then the initial value of the battery current is less than the ultimate steady 
value and it approaches the ultimate value in a curve exactly similar to the portion 
AB of the curve in Fig. 32/. 
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33. A battery of which the resistance is equalto VL/C is 
suddenly connected to a transmission line, the distant end of which 
is short-circuited. Describe what takes place. 

Vote. —In this case the system settles to a steady unchanging state after the time 
required for a wave to travel over twice the length of the line. 

34. The distant end of the transmission line in problem 33 is 
open. Describe what takes place. 


Note. — In this case the system settles to a steady unchanging state after the time 
required for a wave to travel over twice the length of the line. 

35. Calculate the leakage resistance between the wires on one 
mile of the transmission specified in problem 27 in order that the 
line may transmit electric waves without distortion. Resistance of 
line wires not assumed to be negligible. Ans. 809,000 ohms. 


Vote. —In calculating the answer to this problem, the resistance of the wires is 
calculated on the assumption that the resistance of one ‘‘ mil-foot’’ of copper is 10.4 
ohms. In all of the following problems where it is required to calculate the resistance 
of copper wires the same value, 10.4 ohms per mil-foot, is used for the specific resist- 
ance of copper. 


36. A 200-mile line with sufficient leakage to make it distor- 
tionless, as specified in problem 35, has a 10,000-volt battery of 
negligible resistance connected to one end. Find the value of vol- 
tage and current in the front part of the wave at the instant it 
reaches the distant end of the line. Ans. 8,240 volts; 13.82 
amperes. 


Note. — The condition of distortionless transmission being satisfied, each small part 
of the long-drawn-out wave which shoots out from the battery end of the line may be 
considered independently of the adjoining parts of the wave. Consider such a short 
portion of the wave which has reached a point distant « from the battery ¢ seconds 
after the battery is connected. During the succeeding time interval A? this portion 
of the wave will travel the additional distance Ax, and the decrement of voltage in 
the portion of the wave during the interval Az will be given by the equation 


Ae tA (i) 


inasmuch as C- AZ, the decrease of charge per unit length of the line, is equal to the 
product of the leakage current £/R, per unit length of line times the time interval 
A¢. The decrement of current in the portion of the wave under consideration during 
the interval Az is given by the equation 
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Ara — 8.7 a0 (ii) 
inasmuch as the self-induced electromotive force Z-AJ//A/ due to the decaying cur- 
rent in unit length of the line is wholly used to overcome the wire resistance and is 
therefore equal to &,,/, where “, is the resistance of both wires in unit length of 
the line. 

From equations (i) and (ii) we have 


dk I 


He = ror: ££ (iii) 
and from equation (ii) we have 
al Ray é 
ae ae 2 
Therefore, by integration, we have 
1 
E=Eye as (v) 
and 
pare 
ee (vi) 


These equations are true only when the line is distortionless, and when the line is dis- 
tortionless the coefficients of ¢ in the exponents in equation (v) and (vi) are equal 
to each other. 

The value x/V may be substituted for ¢ in equations (v) and (vi) giving the 
equation to the curves which represent the voltage and current distribution throughout 
the long-drawn-out wave which shoots out from the battery, namely 


—-——- % 
P ote tt (vii) 
an 
— 4. @ 
Fez fee 0 (viii) 


37. The distant end of the line in problem 36 is short-circuited 
so that the wave when it reaches the end of the line is reflected 
with reversal of voltage phase. Find the value of voltage and 
current at the middle point of the line when the front of the 
reflected wave reaches that point. Ans. 275 volts; 2901 
amperes. 


Note.— The voltage and current in the reflected wave may be treated independently 
of the voltage and current in the original advancing wave when the condition of dis- 
tortionless transmission is satisfied, and both voltage and current continue to decay 
according to the exponential law, as explained in the note to problem 36. 


38. A 200-mile metallic-circuit telephone line has two No. 14 
B. & S. steel wires (91 ohms per “ mil-foot’’). Find its resist- 
ance. The distance between wires is 18 inches ; find the leakage 
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resistance between wires of one mile of line for which the leakage 
loss is one tenth of one per cent. of the wire loss in a pure elec- 
tromagnetic wave. Ans. Wire resistance of whole line 46,880 
ohms ; leakage resistance of one mile of line 1,952,000 ohms. 

89. In what ratio would the total loss of energy on the line 
specified in problem 38 be increased by reducing the leakage re- 
sistance of the line in the ratio of 400: 1? Ans. I to 1.4. 

40. Calculate the inductance per mile required to give distor- 
tionless transmission on the telephone line specified in problem 
38, and find how much (/or given amount of energy transmitted) 
the total loss of energy on the line is reduced by increasing the 
inductance to this value. Ans. 3.632 henrys per mile; total en- 
ergy lost is reduced in the ratio of 1.001 to 0.06324. 

41. The leakage resistance between wires of one mile of a line 
consisting of two No. 8 B. & S. bare copper wires laid 12 inches 
apart in pure distilled water would be about 25 ohms. (qa) Find 
the capacity per unit length of line to give distortionless trans- 
mission, and (0) find the capacity which would have to be added 
as indicated in Fig. 83, page 85 to produce this result, the induc- 
tivity of pure water being equal to go. Ans. (@) 5.03 micro- 
farads per mile; (0) 4.26 microfarads per mile. 

42. What part of the initial energy of a wave would be deliv- 
ered to the end of a 1o-mile line like that specified in problem 
41, with sufficient capacity to give distortionless transmission ? 
Ans. 1/2.784 of the energy would be delivered. 


Vote. —Calculate the time of transit of the wave. Then the fraction of the en- 
ergy lost during transit is equal to the fraction of the electrical energy which would 
be lost during the time of transit if the whole line were charged at any assigned ini- 
tial voltage and allowed to stand. 


43. An inductance LZ, of 0.016 henry (of negligible resistance) 
is connected across one end of a 2.5-mile transmission line, of 
which the other end is open as shown in Fig. 43/. The line 
consists of two wires, each 0.064 inch in diameter, 18 inches 
apart. Find the approximate frequencies of the first, second and 
third simple modes of oscillation of the system, ignoring resist- 
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ance of line-wires. Ans. 74, = 9,470 cycles per second, /,=39,- 
540 cycles per second, and /, = 75,550 cycles per second. 


Note. —A fairly accurate estimate of the frequency /“, of the fundamental mode 
may be obtained by ignoring the inductance of the line. The system then becomes a 
system of the first class, with concentrated capacity, and its frequency is given by the 
well-known formula 


ee Hier : 
A= aVEG (i 


in which C, is the capacity of the 2.5-mile line. 

The frequency /, of the 2th mode may be estimated very closely by considering : 
(a) that a voltage antinode exists at a short distance + from Z,); (4) that the re- 
mainder of the line is equal to (#2 —1) half-wave-lengths, where a half-wave-length 
is equal to V//(2f,), so that 

V 
2fn 
in which ’[ = /1/(ZC)] is the wave velocity on the transmission line ; and (c) 
that the short portion x of the line together with the inductance Z, may be looked 
upon as a system of the first class whose frequency of oscillation is 


2+5 —x*==(u—1) (ii) 
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where Cx is the capacity of the portion x of the line. Therefore, substituting the 
value of f, from equation (iii) in equation (ii) and using ViIf/( LE) for V we 
have 


Zak pen (Z rr (iv) 
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from which the approximate value «x may be calculated, whence the approximate 
value of 7, may be found from equation (iii), 

To determine the frequency of oscillation of the system represented in Fig. 43p 
with precision, consider that the line oscillation which accompanies any given mode 
of oscillation of the system is part of a standing wave-train of wave-length equal to 
Vf, This standing wave-train is represented by a portion of the clock-diagram 
model of Fig. 130, and the distance z in Fig. 43 is given by equation (v) on page 
136, in which YX is the reactance value (= 27/,Z,) of the inductance Eye Cone 
sider for example the second mode which is shown in Fig. 43%. Its frequency is /, 
and its wave-length is /f,. Using the approximate value of f, as above deter- 
mined, calculate the approximate value of XY and V/f,, and then calculate the 
value of z from equation (v) on page 136. Then, forthe second mode, 2.5 + 2 is 
$ of a wave-length so that V divided by 4(2.5 +2) gives a second approximation 
to the value of f,. A third approximation may be made in the same way, and so on. 
Thus, the successive approximations to the value of 7, for the system shown in Fig. 
43 are, Ist, 9,470 cycles per second ; 2d, 8,770 cycles per second ; 3d, 8,614 cycles per 
second ; 4th, 8,579 cycles per second ; and 5th, 8,572 cycles per second. ‘The correct 
value is about 8,570 cycles per second. The successive approximations converge 
more rapidly to the correct value in the higher modes. 


44, A mass of 160 grams (= Z,) hangs from a helical spring 
as shown in Fig. 44~. Under these conditions the spring is 
150 centimeters long; each centimeter of the spring has a mass 
of 0.5 gram (= L), andastretching force (additional to the weight 
of the 160-gram load) of 100,000 dynes produces a two per cent. 
elongation of the spring so that the ratio : per cent. elongation 
divided by stretching force is 2 x 10°7(=C). Find three suc- 
cessive approximations to the frequency of oscillation (through a 
small amplitude) of the fundamental mode of the system. 
Ans. First approximation 7.27 vibrations per second; second 
approx. 6.85 vibrations per second; third approx. 6.67. 


Note. — The answers to this problem were worked out by means of a four place 
table of logarithms. To carry the approximation further a more complete logarithmic 
table would have to be used. 


CHAPTER V. TRANSMISSION-LINE OSCILLATION. 


45a. A 20-mile transmission line consisting of two No. 8 B. & 
S. wires 18 inches apart center to center and short-circuited at 
the distant end is connected to a 10,000-cycle alternator of which 
the electromotive force is 500 volts effective. Find positions of 
voltage antinodes, and find maximum voltage between the line 
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wires at the voltage antinodes when the ultimate steady state of 
oscillation of the line is established, line resistance being neglected. 
Also find positions of current antinodes and find maximum value 
of current in the line at the current antinodes. Ans. Voltage 
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nodes at distances of 0, 9.3 and 18.6 miles from short-cir- 
cuited end of line ; maximum voltage at voltage antinodes 1,552 
volts. Current nodes at distances of 4.65 and 13.95 miles 
from short-circuited end of line; maximum current at current 
antinodes 2.293 amperes. 

450. A coil of which the inductance is ten millihenrys and of 
which the resistance is negligible is connected to one end of a 
26-mile transmission line consisting of two No. 8 B. & S. wires 
18 inches apart center to center, and a 500-volt (effective) 10,000- 
cycle alternator is connected to the other end of the line. Find 
positions of voltage and current antinodes and find maximum 
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values of voltage and current at voltage and current antinodes 
respectively. Ans. Voltage antinodes at distances of 2.434, 
11.734, and 21.034 miles from the end of line where inductance 
is connected ; maximum voltage at voltage antinodes 6,631 volts. 
Current antinodes are at distances of 7.084, 16.384 and 25.684 
miles from the end of the line where the inductance is connected ; 
maximum current at current antinodes is 9.8 amperes. 

46. The inductance at the end of the transmission line in problem 
450 is replaced by a condenser of which the capacity is 0.02653 
microfarad and of which the resistance is negligible. Find posi- 
tions of voltage and current antinodes and effective values of 
voltage and current at the respective antinodes. Ans. Voltage 
antinodes are at distances of 7.17, 16.47, and 25.77 miles from 
the end of the line where the condenser is connected ; effective 
voltage at voltage antinodes is 501.6 volts. Current antinodes are 
at distances of 2.52, 11.82 and 21.12 miles from the end of the 
line where the condenser is connected; effective current at cur- 
rent antinodes is 0.7481 amperes. 

47. A receiving circuit of which the resistance is 571.7 ohms 
and the inductance is ten millihenrys is connected to the end of 
a transmission line consisting of two No. 8 B. & S. wires 18 inches 
apart center to center, and a simple train of electromagnetic waves 
in which the wave-length is 20 miles and in which maximum 
voltage is 2,000 volts is reflected from the receiving circuit. Find 
the current maximum in the original advancing wave-train, find 
the voltage and current maxima in the reflected wave-train, and 
specify the phase displacements produced in voltage and current 
at reflection. Resistance of line wires negligible. 

Note .— The resistance and inductance of the receiving circuit have been chosen in 
this problem to give a 45° phase difference between resultant voltage and current at 


the end of the transmission lines so as to facilitate the solution of the problem, See 


pages 138 and 139 


48. The transmission line specified in problem 47 is indefinitely 
long. Find the effective values of voltage and current at a point 
22.5 miles from the end of the line due to the superposition of 
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the original advancing wave-train and the reflected wave-train, 
and specify the phase angles between each and the current which 
is associated with the original advancing wave-train at the point. 


Note.— The distance 22.5 miles is chosen so that the vectors 4’, /”, #7, and 
i” in Fig. 132 on page 139 will have to be turned through angles which can be 
easily laid off by a draughtsman’s triangle. This problem is to be solved graphically. 

49. A 200-mile transmission line consisting of two copper wires 
0.5 inch in diameter and 36 inches apart center to center delivers 
35 amperes (effective) of current at 60,000 volts (effective) and 
25 cycles per second toa receiving circuit of which the power 
factor is 0.8. Find the effective value of the generator voltage 
and find the resistance losses in the line wires, assuming line 
leakage to be negligible. Solve this problem by the approx- 
imate method as outlined in Franklin & Esty’s Elements of Elec- 
trical Engineering, Vol. II, pages 346-353, and also by the 
rigorous method outlined on pages 149-153, and compare the 
results. 


CHAPTER VI. ELECTROMAGNETIC THEORY. 


50. A vessel one meter wide, one meter long and one meter 
deep contains a fluid of which the density is one gram per cubic 
centimeter at the top, increasing steadily to 2 grams per cubic 
centimeter at the bottom. Find the volume integral of the 
density of the fluid. Ans. 1,500,000 grams. 


51. The gradient of the density in problem 50 is uniform 
throughout the vessel and equal to one gram per cubic centi- 
meter per meter and it is directed vertically downwards. Sup- 
pose the downward gradient of the density to be a linear function 
of the distance from the top of the vessel, changing from zero at 
the top to 2 grams per cubic centimeter per meter at the bottom. 
Find the volume integral of the density of the liquid throughout 
the vessel, the density being one gram per cubic centimeter at 
the tops Ans.1;333 3393 crams. 


52. The value at all points in space of a distributed scalar is 
given by the equation w= Q/r in which ¢ is distance meas- 
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ured from the origin of co-ordinates. Find the +, y and z 
components of the gradient of wy. Ans. The x-component is 
— Ox/(t + + 2h 

53. Any one of the components of the gradient of a distributed 
scalar may be considered itself a distributed scalar. Find the 4+, 7 
and z components of the gradient of dy/dx, where p= Q/r, 
as in problem 52. 

Ans. The 2#-component is 


I ag 
|- 2 2 ary ate 2 as x|2 
(P+tyt+ 2 (tit 2) 

Vote. —Vhe gradient d/dx(Q/7) considered as a distributed scalar (indeed the 
x-component at all points of space of any distributed vector 7s a distributed scalar) is 
the electric potential due to an electrical doublet placed at the origin, the moment of 
the doublet being @Q. Successive derivatives of Q/r are possible electric potential 
distributions, they are called spherical harmonics, and by superposing spherical 
harmonics (of potential) in a proper way any potential distribution whatever may 
be built up. The most instructive discussion of spherical harmonics is that which is 
given in Maxwell’s treatise on Electricity and Magnetism. Byerly’s Hourier’s Series 
and Harmonic Analysts (see preface) is the best mathematical treatise on Spherical 
Harmonics for the student of physics. 


54, The intensity of the magnetic field at the point f in Fig. 
54p is A7= 1,000 gausses. The magnet VS is rotated about 


Fig. 54p. 


the dotted line as an axis at a speed of 20 revolutions per second. 
Find an expression for the rate of change of 7 at the point 7. 
Ans. The x-component of dH/dt is — 125,664 sin (4077?) and 
the y-component is 125,664 cos (40777). 
Note. — The rotating magnetic field A may be expressed thus : 
fH = 1000 ¢40nJjt 


in which 7 is equal to Y “—1 and ¢ is equal to elapsed time. See Art. 37. 
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55. Find the differential equations of the lines of force in the 
neighborhood of an isolated magnet pole of strength m and inte- 
grate the differential equations so as to find the integral equations 
of the lines of force. 


Note. -- Let dx and dy be the components of a small element ds of a line of 
force. The ratio ay|dx is equal to the ratio of the components of the field at the 
point, that is to say the general differential equations of a line of force is 


dy iy 

ae 
and 

az Hh, 

dx X 


56. Find the differential equations of the lines of force in the 
neighborhood of a slim magnet 10 centimeters long, its poles 
being assumed to be concentrated at its ends; strength of poles 
being +m and —m. 

57. A strip of steel 10 centimeters wide and 0.1 centimeter 
thick is magnetized in the direction of its breadth to an intensity 
of 1,000 units pole per square centimeter sectional area. (a) 
Find the direction and intensity of the magnetic field at a point 
6 centimeters from one edge and 8 centimeters from the other 
edge of the strip. (0) Derive the differential equation of the lines 
of force of the magnetic field. (c) Integrate this differential equa- 
tion and show that the lines of force are a system of circles. 

58. Consider a uniform electric field of which the intensity is 
1,000 volts per centimeter. A circle 100 centimeters in radius 
is drawn in this field with a diameter in the direction of the field. 
Consider one half of this circle. (a) Find the line integral of 
the electric field along this half circle. (6) Find the line integral 
of the electric field around the entire circle. 

59. A large vessel of water is rotated at a uniform angular 
velocity of 2 revolutions per second about a vertical axis. Choose 
this axis as the +-axis of reference, and choose the y- and ¢- 
axes in a horizontal plane. (a) Derive expressions for the three 
components of the velocity of the fluid at the point whose coér- 
dinates are x,y and z. (6) Find the line integral of this fluid 
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velocity about a small circle of which the plane is horizontal, of 
which the center is 10 centimeters to one side of the axis of rota- 
tion of the vessel, and of which the radius is 15 centimeters. 
Ans. (2) Y= — 4m7z, Z= + 4my; (0) 17,760 cm.? per second. 

60. Show that the velocity of the fluid in problem 59 cannot 
have a potential. 

61. All space is filled with a liquid moving parallel to the 
a-axis of reference at a velocity of 10 centimeters per second. 
Find an analytical expression for the velocity potential of the 
liquid. Ans. y= 10cm. per sec. x 4 + any constant. 

62. Given a uniformly moving fluid of which the velocity com- 
ponents are everywhere the same and equal to a, 4 and c¢ re- 
spectively. Find the velocity potential of the fluid. Ans. 
ax + by + cz + any constant. 

63. Given a fluid of which the velocity is everywhere parallel 
to the z-axis of reference and equal at each point to ax. Find 
the velocity potential of the fluid. Ans. y= ax? + a constant. 

64. Given a fluid of which the velocity components are a, 
by and cz, respectively. Find its velocity potential. Ans. 
Ww = fax + 407" + $c2* + a constant. 

65. A viscous fluid flowing over a plane has a velocity which 
is expressed by the equation X = ay as indicated in Fig. 65/. 
Show that no velocity potential exists in this case. 


Fig. 65p. 


66. The lines of force of a tapering electric field are shown in 
Fig. 66/, and the intensity of this field at each point is expressed 


21 
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by the equation Y=ar.. Show that this electric field has no 
potential. 


Note. — Consider that the potential at a point in an electric field is the height at 
that point of an imagined hill whose slope is everywhere equal to the electric field. 
It is impossible to construct a hill whose slope lines are as shown in Fig. 66p, the 
degree of slope inci easing from a certain value at one side AA! of the figure to a 
greater value at the other side BB’ of the figure. Thus if the lines of forces in Fig. 
66/ be thought of as lines of slope of a hill it would have to be a hill on which one 
would not go down hill at all in traveling from 4’ to A and thence to B whereas 
one would go down hill a great deal in traveling from A’ to 4’ and thence to JS. 
The slope (in the direction of the lines of force) would increase from the side 4A/ 


Y=o 
along y-axis 


Fig. 66p. 


to the side 24’ but there would be no slope at right angles to the lines of force. 
Such a hill is impossible. If however an additional slope in the direction of the x-axis 
be added such that VY —ay, then ¢@Y/dx—adX]dy wouldbe equal to a—a=o; 
the electric field of which the components are —=axand X= ay has a potential. 


67. Liquid flows over an infinite plane towards a circular spot 
20 centimeters in radius where the liquid leaks through the plane 
at the rate of 2 cubic centimeters per second for each square 
centimeter of area of the leaky portion. The liquid has a uni- 
form depth of 10 centimeters over the entire plane. Find: (a) 
Formulas expressing the components of the horizontal velocity 
of the liquid in the region over the leaky part of the plane, (2) 
formulas expressing the components of the velocity of the liquid 
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in the region outside of the leaky portion of the plane. (c) Show 
that velocity potential exists in both regions, (@) choosing the 
edge of the leaky portion as the region of zero potential, derive 
a formula for the velocity potential outside of the leaky spot and 
another formula for the velocity potential inside the leaky spot, 
using distance from center of leaky spot as a variable in each 
case. (e) Drawasketch of the plane as seen from above, show- 
ing the contour lines of the potential hill, the contour lines 
being drawn for equal potential differences. 


Note, —In this problem it is understood that only the horizontal part of the ve- 
locity of the fluid over the leaky spot is to be considered. 


Ans. (@) +-component of velocity in region of leaky spot 
= 4/10; (0) x-component of velocity in region beyond leaky 
spot = 40r/(47 + 9”); (6) ; (d) potential in leaky spot 
=(7’+ 9”) /20 — 20, potential beyond leaky spot = 20 log, (1+ 9”) 
— 20 log, 400. 


68. A long cylinder of insulating material 20 centimeters in 
radius is uniformly charged with ;';7 electrostatic units of charge 
per cubic centimeter. Find: (a) Formulas expressing the com- 
ponents of the electric field in the material of the rod, inductivity 
of the rod being equal to 2, (4) formulas expressing the electric 
field intensity at points outside of the rod, (c) show that the elec- 
tric field has a potential inside of the rod and outside of the rod. 
(2) Choosing the surface of the rod as the region of zero elec- 
tric potential, derive a formula for the potential outside of the 
rod and another formula for the potential inside of the rod. 

Ans. (a) #-component of fieldin rod = x/10; (4) +-component 


of field outside of rod = 4oxr/(2* + 9”); (c) ———; (@) poten- 
4 2 
tential in rod =~ as — 20, potential outside of rod 


= 20log(#? + y”) — 20 log, 400. 


Note. — When electric charge and electric flux are both expressed in units of the 
electrostatic system Gauss’s theorem becomes: ‘Total electric flax out of a region 
equals 47 times the total charge in the region. 


69. A wire 20 centimeters in radius carries one abampere of 
current per square centimeter of section. Find :(@) Formulas ex- 
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pressing the components of the magnetic field intensity at a point 
outside of the wire, and (4) formulas expressing the components: 
of the magnetic field intensity at a point inside of the wire. 
Ans. (a) s-component = 27y, y-component = — 277; (6) 
x-component = 800ry / (47+), 7-component= — Boomer] (2?+)”). 

70. Show that the magnetic field inside of the wire in problem 
69 does not have a potential. 

71, Show that the magnetic field outside of the wire in problem 
69 does have a potential, and derive a formula expressing the 
value of this potential at each point (2) in terms of rectangular 
coordinates and (4) in terms of polar coordinates. Ans. Po- 
tential = 2/0 or 2/ tan—ly/x. 

72. Find the surface integral of fluid velocity over a plane area 
20 centimeters long and 10 centimeters high placed in a fluid 
moving as specified in problem 67 ; find the surface integral (a) 
for the case in which the center of the plane area is 5 centimeters 
from the center of the leaky spot and (4) for the case in which 
the center of the plane area is 30 centimeters from the center of 
the leaky spot. Ans. (a) 100 cubic centimeters per second ; (4) 
800 tan—'o.333 cubic centimeters per second. 

73. Find the divergence of the fluid velocity in problem 67 
(a) in the region over the leaky spot and (4) in the region sur- 
rounding the leaky spot. In this problem ignore the vertical 
velocity of the fluid over the leaky spot. Ans. (a) 4 cubic 
centimeter per second per cubic centimeter ; (() zero. 

74, Find the divergence of the electric field which is specified 
in problem 68, (a) for points inside of the insulating rod and (4) 
for points outside of the rod. Ans. (a) 4 electrostatic unit of 
electric flux per cubic centimeter ; (4) zero. 

75. Find the curl of the fluid velocity which is specified in 
problem 59. Ans. — 8z per second. 

76. Find the curl of the fluid velocity which is specified in 
problem 65. Ans. — a. 

77, Find the curl of the electric field which is specified in 
problem 66, Ans. 4 a. 
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78. Find the curl of the magnetic field which is specified in 


problem 69. Ans. — 47 units of magnetomotive force per square 


centimeter inside of wire ; zero outside of wire. 


CHAPTER VIII. Harmonic ANALYSIS. 


79. Find the harmonic components of the periodic curve shown 
in Fig. 197. The answer is given by equation (82) in Art. 70. 
80. Find the harmonic components of the curve shown in Fig 
To32 emis: 


4a amt Omt 10 1477 
2S a sin ye + 3 SiN Fe + F sin — - fd sin- ea | 


Vote. —-In this case the given function y is equal to-+-a@ from ¢=o to ¢= 7/2 
and it is equal to —a@ from ¢= 


7/2 to ¢=T7. Therefore equation (80) becomes 


e 2a fo . 2rnt xf 2a i a. Psi 
== sin —— .dt— = sin — 
FO GEAR £. 72 


= 7 a -at 


81. Find the harmonic components of the curve shown in Fig 
ISA,e Ans. 


4a 2nt Omt 
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Note. — Solve this problem directly by means of equations (76), (80) and (81), 
and also derive the result from the answer to problem 80 by shifting the origin or co- 


ordinates from the position shown in Fig. 183 to the position shown in Fig. 184. 
In applying equation (81) in this case we have: 


2a pt/t 2annt 2a /dt/s arnt 
i cos ——— . dt — — cos —- - at 
Ti —T/4 TE He T/4 if 


82. Find the harmonic components of the curve shown in Fig 


185, the maximum ordinate of the curve being equal to £7/4 
Ans. 
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Note. — The given function y is in this case as follows : 
v= trom 0) to) f= 1/4 


y=kRT/2—ht from ¢= T/4 to fa Sera 
and 


hi FE score = 31) 4 Oma 


Therefore equation (80) becomes 


2k ptt . onnt Ye GP Hf TE . 2nnt 
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2k pt 2nnt 
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83. Find the harmonic components of the curve shown in 
Fig. 83, the maximum ordinate being equal to &7/4. Ans. 
y-axis 


one cycle (T seconds) ___—. > 


Fig. 83p. 


2Tk ant, Ont ‘ LOn ae 147¢ 
gaa | COS aa “3 COS Se 25 COS a + 45 COS a 
Note. — Solve this problem directly by the use of equations (76), (80) and (81), 
and also derive the result from the answer to problem 82 by shifting the origin of co- 
ordinates from the position shown in Fig, 185 to the position shown in Fig. 83. 
The given function y is in this case as follows: 
Y=RT/4—-kt fromt—otot= 7/2 
and 
V—hl —— hj 2a STOU =e) | 2h Ole — ee 


Therefore equation (81) becomes 


2k pil? (T 2nnt 2k pt 7 
Bi = ee a ‘) cos ita - dt + — t— ils cos pails dt 
T' Jo 4 if vi 7/2 2 Ti 


84. Derive the answer to problem 82 by integrating the answer 
to problem 81. 
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Yote. —It is evident that the constant A, is equal to zero in the series which 
expresses the periodic curve shown in Fig. 185. Therefore the constant which is in- 
troduced by the integration of the answer to problem 81 is equal to zero. 

A Fourier’s series always remains convergent after the various terms of the series 
have been integrated, but in many cases a Fourier’s series becomes divergent after dif- 
ferentiation. Thus, the series which expresses the periodic curves in Figs. 183 and 
184 become divergent when differentiated. 


85. Ignoring all harmonics above the oth, that is, ignoring 
the 11th and higher harmonics, determine by Fischer-Hinnen’s 


metioaine cociicients 4, A, A, ,, 
shown in Fig. 185, and compare the approximate values of the 


and A, for the curve 


coefficients so obtained with the correct values in the answer to 
problem 82. Ans. 


By F-H method. Correct values. 
A tl). OO ROO aaintnee devisanaleclemanccescees 0.002504 7° 
9 309 
Al = == OMCOSHO &S sposacaeodaceoonsageudenasodds — 0.00413 “‘ 
Ale = => COWES“? hi ccagoctmnsctecdoonsosodsonione + 0.00810 ‘* 
A eae ONOZAT.OV GS Rae assy otletaasiageeseslae Renee 0.0225 ice 
abp= = (8) LOU AG) YON snaodase cdegnno: aoedooCnece + 0,2026 ‘ 


86. Measure off 36 equidistant ordinates throughout one cycle 
of the curve shown in Fig. 185, multiply these measured ordi- 
nates by the corresponding values of sin 2at/Z7, where x= 5, 
add these products together, and determine the value of A, as 
explained in the first part of Art. 71. Compare the approximate 
value of A, so obtained with the correct value found in the 
answer to problem 82. Ans. 4, = 0.008644 #7; correct value 
= 0.00810 £7. 


Cuapter IX. Non-Harmonic ELECTROMOTIVE FORCES 
AND CURRENTS. 

87. Each winding of a three-phase alternator develops 1,000 
volts effective. The windings are Y-connected to a three-wire 
transmission line, and the electromotive force between any two 
wires of the line is observed to be 1,640 volts. Assuming that 
the voltage of each armature winding contains only a triple 
harmonic in addition to the fundamental, and assuming that the 
three voltages are equal and exactly 120° apart in phase, calcu- 
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late the effective value of the triple harmonic in the voltage of 
each armature winding. Ans, 53.2 volts. 

88. The alternator which is described in problem 87 delivers 
current over a three-wire line to three similar non-inductive re- 
ceiving circuits. Find the power factor of the system due to the 
elimination of triple harmonic currents by the three-wire line. 


Ans. 94.68. 


Note. — Find the product of generator voltage times any assumed current / in 
each generator winding. ‘The current in each receiving circuit is the same as 
Z but the voltage across each receiving circuit is less than the generator voltage ac- 
cording to problem $7. The desired value of the power factor is equal to receiver 
voltage times receiver current divided by generator voltage times generator current. 
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Air and water pipes, wave pulses in, 34 
columns, simple modes of oscillation 
of, 43 
Antennz for wave telegraphy, 206 
recent forms of,. 209 
Antinode, definition of, 48 
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differential equations of, 154 
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Compound vibrations of a particle, 36 
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Curl of a distributed vector, 175 
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Distortion of waves, 29 

Distortionless line, the, 112 
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Divergence of a distributed vector, 171 


Drude’s Theory of Optics, translated by 


Mann & Millikan, 1o 


Electric action of a tapering magnetic 
field, 61 
current, conception of, 63 
field, mechanical conceptions of, 57 
tapering, magnetic action of, 60 
oscillation of a transmission line, 93 
oscillator, the, 69 
wave detectors, 213 
wave telegraphy, 205 
Electromagnetic action, 57 
and electrostatic systems of units, 
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field, general equations of, 186 
wave, energy stream in, 81 
distortion, 108 
motion, conceptions of, 78 
train, 81 
velocity of, 82 
waves, 75 
pure and impure, 89 
Electromotive force, induced, general 
equations of, 189 
forces, harmonic and non-harmonic, 6 
Electrostatic and electromagnetic systems 
of units, 279 
Energy, flow of, in electromagnetic field, 
64 
stream in an electromagnetic wave, 
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in an electromagnetic field, con- 
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equation of, 67 
Ether, Kelvin’s gyrostatic model of, 57 
Maxwell’s mechanical model of, 57 
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Harmonic analysis, 217 
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and non-harmonic electromotive 
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Harmonics, effects of, in alternating- 
current machinery, 256 
Heaviside’s lectromagnetic Theory, 113 
Hertz oscillator, methods of exciting, 212 
simple modes of oscillation of, 
206 
the, 69 
waves emitted by, 210 
Hertz’s Llectric Waves, translated by 


Dy E. Jones, 73 


Impure waves and pure waves, 21 
Induced 
equations of, 189 


electromotive force, general 

Inductance and capacity of transmission 
lines, 269 

Irrotational vector fields, 167, 180 

Kelvin’s Popular Lectures and Ad- 
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Klemencic detector, the, 214 


Larmor’s Aether and Matter, 57 

Lecher’s arrangement for demonstrating 
line oscillation, 126 

Lightning arrester, the, 106 

Line integral in a vector field, 164 

Linear vector function, the, 181 
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Loaded telephone lines, 111 
Lodge’s Modern Views of Electricity, 57 
Longitudinal waves and transverse waves, 
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Magnetic action of a tapering electric 
field, 60 
field, mechanical conceptions of, 57 
tapering, electric action of, 61 
Marconi’s work, 205 
Mechanical conceptions of magnetic and 
electric fields, 57 
Moving charges, wave motion associated 
with, 196 


Node, definition of, 48 
Non-harmonic currents, causes of, 251 
electromotive forces, causes of, 248 


Oscillation, electric, of a transmission 
line, 93 
modes of, and wave trains, 36 
of transmission line, 116 
of water in a short canal, 25 
simple modes of, of stretched strings 
and air columns, 43 
Oscillator, the electric, 69 


Pipes, air and water, wave pulses in, 34 
Potential, multivalued, 169 

of a distributed scalar, 167 

scalar and vector, 179 
Poulsen’s singing arc, 213 
Poynting’s theorem, 64, 193 

examples of, 65 
Pure and impure waves, 21 
electromagnetic, 89 


Rectangular wave pulse, the, 13 
Reflection at end of transmission line, 89 
from receiving circuit at end of trans- 
mission line, 96 
of simple wave trains on transmission 
lines, 134 
of waves on a canal, 22 


Rotational vector fields, 180 
Scalar and vector fields, 158 


field, gradient of, 159 
volume integral of, 159 
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Seibt’s arrangement for demonstrating 
line oscillation, 128 
Simple vibration of a particle, 36 
modes of oscillation of stretched 
strings and air columns, 43 
wave trains, 38 
Solenoidal character of curl, 179 
vector fields, 173 
Standing wave train, 48 
Stationary wave trains, see standing wave 
trains 
Steel rod, wave pulses on, 30 
Stream lines in a vector field, 162 
Strings, simple modes of oscillation of, 43 
Surface integral of a distributed vector, 
170 


Tapering electric field, magnetic action 
of, 60 
magnetic field, electric action of, 61 
Telegraphy, electric-wave, 205 
Transmission line, decaying wave trains 
on, 141 
electric oscillation of, 93 
voltage drop on, 148 
wave pulses on, 88 
oscillation, 116 
lines, inductance and capacity of, 269 
Transverse waves and longitudinal waves, 
28 
Tube of flow, 174 


Unit tube, 174 
Units, electromagnetic and electrostatic 
systems of, 279 


Vector and scalar fields, 158 


fields, rotational and irrotational, 180 


potential, 179 
Vibrations, simple and compound, of a 
particle, 36 
Voltage drop on transmission line, 148 
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Volume integral of a distributed scalar, 
159 


Water and air pipes, wave pulses in, 34 
waves, 9 
in a canal, differential equations 
of, 154 
Wave distortion and line losses, electro- 
magnetic, 108 
or diffusion, 29 
electromagnetic, velocity of, 82 
front, the, 40 
length, 37 
media, 9 
motion associated with 
charges, 196 
electromagnetic, conceptions of, 
78 


pulse, electromagnetic, 77 


moving 


the rectangular, 13 

pulses and wave trains, 10 
in a canal, 14 
in air and water pipes, 34 
on a steel rod, 30 
on transmission lines, 88 

shape, 10 

telegraphy antennze, 206 

train, electromagnetic, 81 

trains, 37 
and modes of oscillation, 36 
simple and compound, 38 
standing, 48 

velocity, electromagnetic, on a trans- 

mission line, 87 
Waves, electromagnetic, 75 

bounded and free, 75 
pure and impure, 89 

on stretched wires, II 

pure and impure, 21 

transverse and longitudinal, 28 

Wires, waves on, II 
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